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ABSTRACT

Nanoparticle and nanoparticulate films have been grown by a unique approach
combining a microwave and nebulized droplets where the concentration and thus the
resulting particle size can be controlled. The goal of such a scalable approach was to
achieve it with the least number of steps, and without using expensive high purity
chemicals or the precautions necessary to work with such chemicals. This approach was
developed as a result of first using a laser unsuccessfully to achieve the desired films and
particles. Some problems with the laser approach for growing desired films were solved
by substituting the higher energy microwave for the laser. Additionally, several materials
were first attempted to be grown with the laser and the microwave, and what was learned
as result of failures was implemented to successfully demonstrate the technique.
The microwave system was characterized by using direct temperature
measurements and models. Where possible, the temperature of deposition was
determined using thermocouples. In the region of the waveguide, the elemental spectral
lines were measured, and the temperature was calculated from measured spectral peaks.
From the determined temperature, a diffusion calculation modeled the rate of heat
transfer to the nebulized droplets. The result of the diffusion calculations explained the
reason for the failure of the laser technique, and success for the microwave technique for
simple chemistries.

xiii

The microwave assisted spray pyrolysis (MPAS) technique was used to grow
ZnO nanoparticles of varying size. The properties of the different size particles was
measured by optical spectroscopy and magnetic measurements and was correlated to the
defects created.
The MPAS technique was used to grow films of Ca3Co4O9 containing varying
sizes of nanoparticulates. The resistivity, Seebeck coefficient, and the power factor (PF)
measured in the temperature range of 300–700 K for films grown by MPAS process with
varying concentrations of calcium and cobalt chlorides are presented. Films with larger
nanoparticles showed a trend toward higher PFs than those with smaller nanoparticles.
Films with PFs as high as 220 µW/mK2 were observed in films containing larger
nanoparticles

xiv

CHAPTER 1
INTRODUCTION
1.1 General Introduction and Motivation of the Research
It has been known for over 200 years that some materials show an electrical
response when subjected to a temperature gradient, which is an aspect of thermoelectric
materials. This property facilitates being able to create devices which either generate
electricity or create cooling. There is a now a strong interest to further develop these
materials for applications because of environmental and even social reasons. The
Ukraine, for example, has converted some power plants to thermoelectrics powered by
coal in an effort to become self reliant and to avoid a nuclear disaster such as was
experienced in Chernobyl.[1,2] Throughout the world, there is also an effort to reduce
greenhouse increasing gases such as those used in refrigerants. For example, there are
efforts to reduce refrigerants such as CFC-11, and CFC-12, which are very strong
reducers of ozone, and have the greatest global warming potential of current heavily used
gases. [3] The use of thermoelectrics would certainly help these efforts, but as with solar
energy, it is only economically viable in certain conditions. There is an urgent and
ongoing need for more efficient thermoelectric materials. This study will investigate the
changes of the properties of thermoelectric materials by the implemention of nano-sized
thermoelectric particles, which would be a possible avenue for greater efficiency.

1

1.2 Literature Review
1.2.1 Thermoelectric Definitions
A very basic thermoelectric circuit can be considered by using two differing
materials, on opposite sides, respectively called materials A and B, connected by
contacts. As seen in Figure 1.2.1, the junctions are at C and D, which are held at
temperatures T1 and T2, respectively. By creating a temperature difference between the
junctions while the loop was closed, Seebeck in 1922 observed a deflection of a magnetic
needle. This observation was originally incorrectly attributed to the changes in
magnetism in the materials, until Oersted discovered the interaction between the electric
current and a magnetic needle.

Figure 1.2.1 The closed circuit Seebeck effect. The clockwise direction of current is
representative of a negative Seebeck coefficient.
It was later observed that the temperature difference enabled a current to be measured.
The voltage driving the current can be measured between the open circuit ends. The
Seebeck coefficient SAB, is defined as [4]:
T2

∆V = ∫ S AB dT
T1

(1.1)

When C is hotter (cooler) than D, T1 is greater (less) than T2, the Seebeck coefficient is
negative (positive), and current flows clockwise (counter-clockwise), as in Figure 1.2.2.
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If the circuit is initially at a constant temperature, and is subjected to current flow
in the clockwise direction, the left side becomes cooler, and the right side becomes hotter.
The electrons carry both charge and heat. The effect is largely due to the Fermi energy
difference

Figure 1.2.2 The open circuit Seebeck effect. The clockwise direction of current is
representative of a negative Seebeck coefficient.
between the materials. If the two levels create a potential barrier with a positive slope,
then heat will have to be added to make electrons move up the barrier, and the two
materials create a voltage difference. In the opposite case, if current flows down a
negative slope then the material gives up energy, so it cools on the side where it loses
carriers. The magnitude of the Seebeck coefficient is very low for metals (just a few
µV/K), and much larger for semiconductors (up to a few hundred µV/K). [5]
The heat exchange across the junctions due to a current I is given by [4]:

dQ/dT = ΠΑΒ Ι

(1.2)

where ΠΑΒ is the Peltier coefficient. The Seebeck coefficient is related to the Peltier
coefficient by:

ΠΑΒ = SΑΒ T

(1.3)

which shows the relation between the thermoelectric power to thermoelectric cooling.
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Since thermoelectric materials incorporate the transfer of current and heat, its potential
for applications is given by [6]:

S 2T S 2σT
ZT =
=
ρk
k

(1.4)

where ρ is the electrical resistivity, σ is the electrical conductivity, ZT is the material’s
“figure of merit”, S is the Seebeck coefficient, and κ is the total thermal conductivity (κ =
κL + κe ; the lattice and electronic contributions, respectively). From this equation it can
be seen that optimum materials maximize electrical conductivity while minimizing
thermal conductivity. In other words, it is the ratio of σ/κ that should be maximized.
The most useful parameter to consider for thermoelectrics is called the “power factor”,
and it is given by [5]:

S2 σ

(1.5)

1.2.2 Thermoelectric Materials
1.2.2.1 Materials of Research Interest
Currently devices with a figure of merit > 1 are the best of those materials in
practical use. Examples of this are Bi2Te3, PbTe, and CsBi4Te6. These materials each
have different optimum temperature regimes as seen in Figure 1.2.2. The thermopower
or Seebeck coefficient for a semiconductor can be approximated by [5]:

Eg
k
S ≈ C el ≈ ( B )
T
q
e kB

(1.6)

which shows that the specific heat, or entropy per carrier can be related to the bandgap
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Figure 1.2.3 Figure of merit ZT for several bulk thermoelectric materials. [5], [7]
Reprinted with permission from Cambridge University Press. (2006)

and is a function of temperature. The Seebeck coefficient is a minimum at low
temperatures. The plots are curved because the Seebeck coefficient increases with
temperature to a saturation point, while the resistivity is largest for high temperatures and
turns the curve down giving the curve a signature similar to an upside down parabola.
The graph shows that higher bandgaps are good for higher energies. That is, the peak is
different for different bandaps, i.e. Eg for BiTe < PbTe < SiGe respectively.
Higher figures of merit have been demonstrated for complex inorganic structures, such as
cubic quaternaries, and rare earth metallic alloys, made from Ce, or Yb. The
quarternaries have an exceptionally low total thermal conductivity and ZT > 2. [8] It has
been suggested that introducing more elements gives additional control of increasing the
Seebeck coefficient due to compositional modulation. [9] The metallics have 4f levels
near the Fermi energy, giving a large density of states at the Fermi level, and high
Seebeck coefficients. [10]
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1.2.2.2 Skutterdites and Clathrates
In addition to the above mentioned materials, skutterdites and clathrates take
advantage of the concept of “phonon-glass/electron-crystal”-(PGEC) concept introduced
by Slack [11]. The desired material properties using the PGEC concept is a narrow
bandgap semiconductor with high mobility carriers. This allows a large electrical
conductivity as compared to the thermal conductivity, a desired trait for maximizing ZT
as explained above. Both skutterdites and clathrates are crystals containing voids that can
be filled with “guest” atoms to act as scattering centers. The skutterdite Yb0.19Co4Sb12
shown in Figure 2 is an example of a partially filled crystal which shows a high ZT. It
has been shown that partial filling of voids is often better than fully filled crystals. [12]
In addition, Nolas has shown that using smaller diameter ions in the voids allows the
rattler to be more loosely bound. This produces local vibrations of lower frequencies
which allows them to scatter the low frequency phonons which carry heat. [13] As
compared to skutterdites, clathrates form a very large cage, allowing the possibility of
enclosing larger atoms. The bonding is tetrahedral and the material has a very low
thermal conductivity as desired for thermoelectric applications. The structure can be
made of different types of various geometries. The Type I structure can be seen in Figure
1.2.3, where the frame is made up of one or two types of atoms, and inside are guest
atoms. The formula for Type I is X2Y4E46 where X and Y represent the enclosed atoms.
[13] Optimization of Type I clathrate bulk materials was undertaken at USF, along with
thin-film materials grown by pulsed laser deposition (PLD). [14,15] The Type II
clathrate structure may have more practical potential than the Type I structure, because it
allows the structure to be only partially filled as opposed to the Type I. [13] Therefore, it
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can be modified in more ways, and may be optimized by the partial filling in a way noted
above for skutterdites. This is due to the guest atoms acting as both scattering centers and
electrical dopants.
1.2.2.3 Half-Heusler Alloys and Chalcogenides
Half–heuslers are three interpenetrating fcc lattices made up of NaCl lattice, and
an fcc sublattice. When the count per formula is 8, or 18, the HH phase becomes a
semiconductor.[12] The three sublattices can be tuned independently. Half-heuslers
have higher ZT values at higher temperatures, and have achieved a ZT near 1 for
temperatures close to 1000 K.

Figure 1.2.4 Type I clathrate structure. [12]
Reprinted with permission from Cambridge University Press. (2006)
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From the graph in Figure 1.2.3, the β−ZnSb compound appears to have a great potential,
except it reaches its melting point near 700K, and slips into a different alpha phase at 260
K, where it no longer has desirable properties.[8]
Chalcogenides are anisotropic structures mainly made of semiconductors. This
type includes many types of the majority of well used lower temperature materials, such
as BiTe, PdTe, and SiGe.
1.2.2.4 Engineered Crystal Lattices
Materials have been made with figure of merits as high as 2.4 [8,16] by more
exotic materials and growth techniques such as superlattices. The superlattices enhance
the electronic conductivity and reduce the thermal conductivity. However, devices of
these materials have still not equaled the best materials in practical use today due to
difficulties in contacts, heat spreading, fabrication, and materials matching.
A common problem that exists in nearly all the above given materials is the sensitivity in
the growth process to oxygen. Because of this, complicated and expensive chambers and
techniques are required to keep the oxygen out. It would be desirable to work with a
material not requiring the complex high vacuum environment and even incorporating
oxygen in the material.
1.2.2.5 Complex Oxide Materials
Layered oxide materials have recently become of interest after discovery of good
TE properties in NaCo2O4, a layered oxide. [17] This material achieved ZT ~0.8 at
1000K. Following the discovery of this material, even better performance was
discovered in Ca3Co4O9. The crystal structures of these materials are integrated
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nanoblocks of differing chemical compositions and structural symmetries. The
integration of a nanoblock with a nanosheet can be seen in Fig. 1.2.4.

Figure 1.2.5 Nanoblock and nanosheet integration into a hybrid crystal. [17]
Reprinted with permission from Cambridge University Press. (2006)
One of the layers is more efficient with electrical transport, while the other type of layer
is better for phonon transport. It is like a divided highway separated by a median, where
the electrons travel easily on the outer paved road, while the phonons travel in the center
median, encountering many discontinuities and obstacles.
In Ca3Co4O9 the outer CoO2 nanosheets help most for the electronic transport, and
the interior CaO and CoO misfit layers aid in the phonon scattering. This structure has
hexagonal CoO2 layers alternated with square Ca2CoO3 layers, resulting in a highly
distorted interface and lattice misfit. An even more complicated structure is that of
Bi2Sr2Co2Oy. It is built in the same way as the Ca3Co4O9 oxide, but with another order of
complexity, with the middle section containing four layers rather than three as seen in
Figure 1.2.5. The resistivity for these types of oxides is shown in Figure 1.2.6. It can be
seen that the lowest resisitivity is for the NaxCoO2, which shows a very high conductivity
for an oxide, and shows a downturn at low temperatures exhibiting metallic behavior.
The other two have high resistivity and show an upturn at low temperatures, exhibiting
semiconductor behavior. [18, 19] The thermal conductivity is minimized for more
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complicated structures as seen in Figure 1.2.6. It can be seen that the smallest k
correlates with the most complicated arrangement

Figure 1.2.6 Crystal structures of CoO2 based oxides. [17]
Reprinted with permission from Cambridge University Press. (2006)
of multiple layers. This data also shows k is influenced the most by the middle layers as
opposed to the resistivity’s being influenced more strongly by the outer layers.
The largest Seebeck coefficient for these materials is for Ca3Co4O9, which did not
dominate either of the other previously mentioned important properties. The magnitude
of the Seebeck coefficient at 300K for the two more complicated structures is as large as
conventional TE semiconductors. The choice of the best materials for power conversion,
as previously mentioned, is called the “figure of merit”. In order to maximize ZT, one
most importantly needs both a high conductivity and a high Seebeck value.
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Figure 1.2.7 (a) Resistivity vs. Temperature for three CoO2 based oxides. (b)
Seebeck coefficient vs. Temperature for three CoO2 based oxides. (c) Thermal
conductivity vs. Temperature for three CoO2 based oxides. [17]
Reprinted with permission from Cambridge University Press. (2006)

1.2.2.5.1

Calcium Cobalt Oxide - (Ca3Co4O9)

Of the oxides discussed above, Ca3Co4O9 was identified between these three
materials as the TE material of most interest based on its low resistance, high Seebeck,
and a k value of the same order as the other two materials. Another point of
consideration is its three compound composition, making it somewhat easier to make
than quarternaries such as Bi2Sr2CoO2Oy. Hence, Ca3Co4O9 was chosen as a material of
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focus in this study, and by others [18-23]. The structure of Ca3Co4O9 can be seen in
Figure 1.2.7.

Figure 1.2.8 3D structure of Ca3Co4O9. The red, light blue, and dark blue spheres
represent oxygen, calcium, and cobalt, respectively. The dotted lines represent
show the outline of the unit cell. The Ca3Co4O9. unit cell is seen to have 42 atoms.
Copyright (2009) by The American Physical Society. [18]
1.2.3 Nanostructuring Effects
Minimizing the k value of the figure of merit by controlling the lattice
contribution is an effective way to improve material properties for thermoelectrics. This
approach has been shown to have a positive effect for heavy atoms, systems with
cagelike structures, high coordination number structures, and systems with large unit
cells. [24] In crystalline solids, the lowest thermal conductivity is known as an “alloy
limit”, which causes scattering of phonons due to atomic substitutions. Typically, it is
not possible to make a material beat the alloy limit because of defects, and dislocations.
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In addition, increases in the defect density leads to other deleterious effects such as
deterioration of electrical properties. The effect can be represented graphically when
considering the entire area in Figure 1.2.8 showing Thermal Conductivity vs. Frequency.
[4] The yellow area represents the reduction due to alloy scattering, and the blue area
represents the area due to small crystals. In one approach to beat the alloy limit,
researchers have used superlattices, which maintained the crystal structure of the
material. [8,10] Another approach to beat the alloy limit has been to use uncorrelated
phonon scattering. In recent years, researchers measured the change in material
properties when nanoparticles were imbedded into an InGaAs alloy. [24] This works
because atomic substitutions scatter phonons due to mass differences. In that work, the
thermal conductivity was predicted using Callaway’s [25] theoretical model.
Measurements were done using the 3ω technique developed by Cahill [26].
Growing crystals in the nanometer range results in materials exhibiting different
properties from the bulk despite the same chemical composition. When the grain size
decreases to the nanometer range there is a large increase in the number of grain
boundaries. Scattering of phonons due to boundaries of small size was predicted by
Goldsmid and Penn. [27,30] This was a surprising result because the mean free paths of
other scattering mechanisms are in the nanometer range. Large crystals demonstrate the
boundary effect at low temperatures as was confirmed as early as 1938. [29] It wasn’t
until 1973 that this phenomenon was observed for small particles. However, grain
boundaries also increase the resistivity of materials due to electron scattering at the
boundaries.
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Figure 1.2.9 Thermal Conductivity vs. Frequency showing the effect of boundary
scattering of phonons by either alloys (Yellow) or small crystals (Blue).
Reprinted with permission from Springer-Verlag Berlin Heidelberg New York. (2001)
1.3 Goals of the Dissertation
Previous research by others has shown that nanoparticle inclusions in bulk
systems or formations of heterostructures affected the properties of thermoelectric
materials. Many of these growth processes were either slow due to many processing
steps, or required expensive ultra purified materials, and/or extraordinary care to create
the desired crystalline structures. The ultimate goal of this project was to create a simple,
quick, thin-film process that can be tuned to incorporate desired material modifications,
such as the controlled incorporation of nanoparticles, so as to optimize the material and
achieve results that approach or exceed those from other techniques.
To attain the above goals the research can be broken down into these main components:
1. Develop a new process for fabrication of oxide thermoelectrics with
nanoparticle inclusions.
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2. Investigation of process diagnostics to create the conditions necessary for
growth.
3. Modeling of the growth process.
4. Property and Morphology study of prepared films.
1.4 Dissertation Outline–Chapter Preview
Chapter 1 gives a literature review of the topic of thermoelectrics and motivation
of the Ph.D. work, including specific objectives.
Chapter 2 gives an overview of the types of deposition techniques used in this
study including Laser Assisted Spray Pyrolysis, the proposed steps in the deposition
study, and the introduction of the Microwave Spray Pyrolysis technique.
Chapter 3 outlines the basics of the characterization techniques necessary to
complete this research work with tools used for structural and chemical analysis.
Additionally, the tools used for transport and magnetic measurements are discussed.
Chapter 4 covers material growth using the Laser Assisted Spray Pyrolysis
technique. It is divided into two parts. The first part covers the research study conducted
on attempts to grow Sr8Ga16Ge30 clathrate material using the LASP technique. The
second part covers the research study conducted on the cobaltate material Ca3Co4O9.
Each part includes subsections discussing the growth, the characterization to measure the
properties of the grown material, and the conclusions of the study, including successes
and failures of the processes.
Chapter 5 is an introduction to the use of the microwave in a spray pyrolysis
technique. It covers some of the issues involved in its construction, including problems
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seen in its initial use, subsequent required modifications, and finally an initial study of the
growth of the cobaltate material Ca3Co4O9 and the outcome of that study.
Chapter 6 is a diagnostic study of both the laser and microwave systems to
determine the parameters available for material growth. For the determination of
temperature two approaches were used. Where physically possible, the temperature
profile of the system was measured using thermocouples. In regions where the
temperature was too high for thermocouples, measurement of the spectroscopic spectrum
in the plasma region was done, and the spectroscopic data was used to calculate the
temperature. Finally, the temperature data is modeled with a diffusion model, to
determine the temperature that the formative material is exposed to during its process.
Chapter 7 reports on the growth study of the cobaltate material Ca3Co4O9, by
different variations of growth than the straight flow thru technique attempted in the initial
study reported in Chapter 5. The first variation reported was the growth of this material
with the use a substrate heater. The second variation was the growth of this material by
relocation of the substrate nearer the plasma. Each attempt reports the growth, structural
characterization, and transport characterization, and conclusions.
Chapter 8 demonstrates the growth of crystallized material of the dielectric ZnO
in flight, starting with a liquid precursor containing dissolved acetate using the
microwave system. The growth, structural characterization, magnetic properties, and
photoluminescence properties of the produced material are reported.
Chapter 9 discusses the main conclusions of this study, and future outlook for
these materials and the use of the developed process.
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CHAPTER 2
THIN-FILM SPRAY DEPOSITION TECHNIQUES
2.1 Spray Pyrolysis
Spray pyrolysis is a widely used technique to grow thin films that employs
precursors. The growth process involves the main steps:
1.

Preparation of a precursor solution that supplies necessary elements of the
desired compound.

2.

Production of aerosol droplets of a constant size and delivery to the
substrate.

3.

Evaporation of the solute.

4.

Reaction on the substrate of the component chemicals.

5.

Annealing or sintering of the crystal.

2.1.1 Precursor Preparation and Considerations
Spray pyrolysis precursor preparation starts by dissolving powders containing the
elements of interest in a solute. The choice of the powders used is not trivial because it
must use combinations which are compatible, available, safe, and cost effective. For
example, in choosing powders for clathrate growth, some compounds were eliminated
due to being pyrophoric, such as nitrides. Bromides were eliminated due to the very low
boiling point of one of the elemental compounds. In others, the combinations of similar
elements were not available or did not exist, say for the common element of chloride as
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another example. In others, it was not possible to find a solute in which all compounds
could dissolve into. In any case, compounds were chosen preferably with one common
element so that the common element could be eliminated later by one secondary step,
such as annealing. Such an elimination process led to the use of iodide compounds
combined with the clathrate elements gallium, germanium, and strontium dissolved in
acetone. Solvents also had to be chosen and tested to reach an agreeable process. For
example, after some initial unanticipated problems caused by acetone to the gold plated
nebulizer crystal, the solvent was changed to deionized water.
2.1.2

Spray Droplet Formation
The solvent containing solute elements of interest is then subjected to the forming

of small droplets of the solution. The formation of droplets can be done by such methods
as air flow modification through a pinhole, by vibrating a membrane at a high frequency,
or using high electric fields. As the droplets collect in a tube, they are directed to the
substrate by a stream of gas. The spray pyrolysis technique has been used to create a
variety of films such as CdS [31, 32],YZT [33] , thin solar films [34], and carbon
nanotubes. [35] Some good reviews of this technique exist from a variety of authors [3639]. Deposition system geometries for this technique vary widely, often incorporating
long flow patterns which travel through a heated furnace area. The size of the final
formed particles is dictated in large part by the size of the created droplets, and by the
amount of material present in the droplets, which is controlled by the solute
concentration. The solute concentration is made to contain a controlled amount of moles
of each element, correlated to the final desired stoichiometry. For this study, a vibrating
piezoelectric nebulizer was used which pulverizes the liquid shown in Figure 2.1.1.
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The motion produces particles that have a peak in the distribution of the droplet diameter
size d, according to the following equation [40],[41]:

d = 0.73*((T/D)*f2)1/3

(2.1)

where D is density of the solute, f = frequency, and T = surface tension of the solute.

Figure 2.1.1 Nebulizer vibration producing small vapor particles.
2.1.3 Evaporation of the Droplet and Reaction on a substrate
The droplet will evaporate and compounds contained in the droplet can react and
form on the substrate under the right conditions. If the environmental temperature is
below the evaporation temperature of the droplets, the droplets will pile up and condense,
causing non-uniform deposition. If the substrate temperature is too high, the solvent may
evaporate but not stick, similar to water rolling around a hot fry pan. The “reaction
temperature” to form the final desired material may be well above the substrate
deposition temperature, therefore annealing or sintering may be required. The size of the
formed particle is dependent upon the amount of material in the solute.
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2.1.4 Annealing of Deposited Film
In typical film growth, the annealing is done thermally, usually at very high
temperatures. Therefore since the formation of many films of interest is above 300οC, an
additional annealing step is required for this process. For high temperature
thermoelectrics the annealing temperatures are above 600 οC. Annealing gives the
components additional energy to complete the crystallization process as well as more
time.
2.2 Laser-Assisted Spray Pyrolysis
The Laser-Assisted Spray Pyrolysis technique - (LASP), is an enhancement of the
standard spray pyrolysis technique that allows further reduction of the size of the created
particles due to evaporation during flight of the traveling droplet. This is done by the
incorporation of an absorbing gas and a corresponding laser with an output of the correct
spectrum. The gas sulfur hexaflouride – SF6, has an absorption spectrum that
corresponds with a Carbon Dioxide laser [46] - in the infrared near 10.6 microns as seen
in Figure 2.2.2. To couple into this absorption, the laser is set up to interact with the
moving stream of droplets, heating the solvent so that the droplets are mostly evaporated
when they strike a substrate where the droplets collect as seen in Figure 2.2.3 and Figure
2.2.4. As many droplets collect and combine on the substrate they form a collection of
nanoparticles, and eventually a thin-film. Past growth of thin films on heated substrates
by LASP indicates a correlation between the concentration of elements of the resulting
film, as compared to the ratios of elements in precursor solutions.
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Figure 2.2.2 CO2 laser lines as compared to absorption spectra of SF6.
In addition, nanoparticle size can be controlled by the concentration of the precursor
solution. [43] Temperature of the laser heated particles by a 5 Watt laser was measured
using a thermocouple as 300 οC, clearly above the evaporation temperature of the solute.

Figure 2.2.3 Laser Assisted Spray Pyrolysis (LASP), schematic arrangement.
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Figure 2.2.4 Droplet decomposition stages during LASP deposition.

2.3 Microwave Deposition Processes
Microwaves have been used as enhancement to CVD and other types of gas based
deposition processes to create PECVD plasmas, for example. Researchers at University
of North Carolina used this type of system to grow aligned carbon nanotubes [44]. In
Australia, this type of system was used to grow device quality GaN at a greatly lowered
temperature, due to creating a highly reactive species from the microwave plasma. That
setup was a great improvement in the process because it lowered the deposition
temperature by over 400 degrees. [45] The research of this project involved development
of a setup similar to that used at UNC, with a magnetron, tuning tubes, sliding reflector,
and waveguide as seen in the Figure 2.3.1. The unique difference between the proposed
process as compared to the above noted processes is that the reaction materials come
from salts contained in nebulized drops rather than incorporated into precursor gases.
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Figure 2.3.1 Schematic of a CVD chamber enhanced with a microwave as used at UNC.
2.4 Proposed Growth Deposition Steps
It was proposed to grow nanoparticles of thermoelectric material, near or below
100nm in diameter.
2.4.1 Spray Pyrolysis-LASP
In Spray Pyrolysis, step one was choosing the right solute chemicals and solvent
to dissolve in. Step two was to implement the solution into the chamber setup and grow
films. Then the films were annealed and analyzed to test the film quality.
When the deposition method of choice was determined, and parameters were
established for the thin film, the proposal was moved to stage 2, growth of nanoparticles
of thermoelectric material. As properly formed nanoparticles collect on a substrate, they
form interfaces. This interface modifies the material properties will be studied in stage 3.
2.4.2 Microwave Spray Pyrolysis
The system proposed using spray pyrolysis in conjunction with the microwave,
was a technique never before reported, and thus represents a unique development.
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The use of a microwave is new at USF, so first pieces had to be purchased as
previously described. Then, modification of mounts and vacuum parts to attach a
vacuum pump and a nebulizer was required.
Annealing the particles in a microwave plasma was attempted. The use of the
plasma in the sequential step reduced the possibility of oxidation or contamination that
observed when removing a film for subsequent annealing. It was believed that this step
would allow the collection of crystallized stoichiometric particles onto a substrate.
The research consisted of several steps:
1.

Build a microwave system.

2.

Characterization of the chamber to understand the temperature gradients
for different flows and power levels.

3.

Third, nebulized droplets of the same mixture as formerly used in laser
spray pyrolysis were used to form particles and films.

4.

Fourth, characterization techniques such as XRD, SEM, and EDS were
used to check the quality of the films and size of the particles as part of the
initial study.
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CHAPTER 3
CHARACTERIZATION TECHNIQUES
3.1 Structural and Chemical Analysis
3.1.1 X-Ray Diffraction
The crystallinity of formed films can be examined by X-Ray Diffraction, or XRD.
The method uses a known generated X-Ray line that is collimated and directed at the
material of interest. By Bragg’s law of diffraction, key peaks are given by [46]

nλ = d*sinθ

(3.1)

For studying films of ordered crystals, d represents the distance between atoms of the
lattice, and large signals are seen when the constructive interference matches an integral
number n of the incident radiation λ. The peaks come from the constructive interference
of the planes h, k, and l. This interference is due to the wavelength of the incident
radiation being of the same order as the distance between lattice planes. For this study a
copper x ray line of wavelength 1.5418 Å for Cu Kα was used. Since this is a widely
used technique, we can correlate and compare materials in a library file, where many
materials are conveniently contained in a computer databases, such as previously studied
crystals [47], or materials used as substrates for thin-film growth.
3.1.2 Scanning Electron Microscopy (SEM)
The Scanning Electron Microscope (SEM) is a microscope that uses electrons
rather than light to form an image. There are many advantages to using the SEM instead
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of a light microscope. The SEM has a large depth of field, which allows a large amount
of the sample to be in focus at one time. The SEM also produces images of high
resolution, which means that closely spaced features can be examined at a high
magnification. Preparation of the samples is relatively easy since most SEMs only require
having a conductive sample. For most samples in this study, as long as the sample met
the above requirement, it could be loaded onto the sample holder directly and measured.
The combination of higher magnification, larger depth of focus, greater resolution, and
ease of sample observation makes the SEM one of the most heavily used instruments in
research areas today. In a typical SEM, an electron beam is thermionically emitted from
an electron gun fitted with a tungsten filament cathode. Tungsten is normally used in
thermionic electron guns because it has among the highest melting point and lowest
vapour pressure of all metals, thereby allowing it to be heated for electron emission, and
because of its low cost. The electron beam, which typically has an energy ranging from
0.5 keV to 40 keV, is focused by one or two condenser lenses to a spot about 0.4 nm to
5 nm in diameter. The beam passes through pairs of scanning coils or pairs of deflector
plates in the electron column, typically in the final lens, which deflect the beam in the x
and y axes so that it scans in a raster fashion over a rectangular area of the sample
surface.
When the primary electron beam interacts with the sample, the electrons lose
energy by repeated random scattering and absorption within a teardrop-shaped volume of
the specimen known as the interaction volume, which extends from less than 100 nm to
around 5 µm into the surface. The size of the interaction volume depends on the
electron's landing energy, the atomic number of the specimen and the specimen's density.
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The energy exchange between the electron beam and the sample results in the reflection
of high-energy electrons by elastic scattering, emission of secondary electrons by
inelastic scattering and the emission of electromagnetic radiation, each of which can be
detected by specialized detectors. The beam current absorbed by the specimen can also be
detected and used to create images of the distribution of specimen current. Electronic
amplifiers of various types are used to amplify the signals which are displayed as
variations in brightness on a cathode ray tube. The raster scanning of the CRT display is
synchronized with that of the beam on the specimen in the microscope, and the resulting
image is therefore a distribution map of the intensity of the signal being emitted from the
scanned area of the specimen. The image may be captured digitally in modern machines,
displayed on a computer monitor, and saved to a computer's hard disk.
Magnification in a SEM can be controlled over a range over several orders of
magnitude from about 50 to 500,000 times. Unlike optical and transmission electron
microscopes, image magnification in the SEM is not a function of the power of the
objective lens. SEMs may have condenser and objective lenses, but their function is to
focus the beam to a spot, and not to image the specimen. Provided the electron gun can
generate a beam with sufficiently small diameter, a SEM could in principle work entirely
without condenser or objective lenses, although it might not be very versatile or achieve
very high resolution. In a SEM, as in scanning probe microscopy, magnification results
from the ratio of the dimensions of the raster on the specimen and the raster on the
display device. Assuming that the display screen has a fixed size, higher magnification
results from reducing the size of the raster on the specimen, and vice versa. Magnification
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is therefore controlled by the current supplied to the x, y scanning coils, or the voltage
supplied to the x, y deflector plates, and not by objective lens power.
The instrument used in this study was a tungsten filament JEOL JSM-6390LV
Scanning Electron Microscope (SEM). The microscope is equipped with secondary
electron imaging (SEI) and backscattered electron imaging (BEIW) detectors for
compositional contrast, topographical, and shadow imaging. The SEM has a maximum
resolution power of 3 nm at an acceleration voltage of 30 kV. The magnification can be
varied from 5x to 300,000x. It is also equipped with an energy dispersive spectroscopy
(EDS) detector from Oxford Instruments INCA x-sight for compositional analysis,
described in the next section.
3.1.3 Energy Dispersive Spectroscopy (EDS)
The stoichiometry of the films can be measured by “Energy Dispersive
Spectroscopy”, or EDS. In this technique, a high energy electron is focused onto the
substrate as in the use of Scanning Electron Microscopes. The EDS feature is often
conveniently combined together with microscopy inside SEM machines [48], which
allows focusing onto an area of interest, then turning on a detector to perform a material
analysis, as seen in the right side of Figure 3.1.1. When high energy electrons are
absorbed into the material, they generate X-rays that are generated from the incident
material. The spectrum of X-rays can be detected and analyzed using a X-ray detector
and collection software. From the data the signatures of the elements can be seen; such as
K-alpha peaks, or K-beta, etc., corresponding to the atomic shells of the elements that are
present. When data is collected for a reasonable amount of time representing a large
number of counts, the stoichiometry can be estimated from the signature peaks of each
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element and the corresponding collected counts and count ratios. Ideally, one detects
signals that don’t overlap with signatures from other elements, so that more accurate
estimates of material concentrations can be obtained. Software databases usually come
with commercially sold machines, and can quickly show what elements are present.

Figure 3.1.1. SEM and EDS key components and arrangement.
3.1.4 Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) is widely used in material science,
biology, and life science research. TEM is an imaging technique where a beam of
electrons is focused onto a speciment causing an enlarged version to appear on a
fluorescent screen or layer of photographic film. [49-52]. The first practical TEM was
built by Albert Prebus and James Hillier at the University of Toronto in 1938. A TEM
consists of a set of condenser lenses to focus the electron beam on the sample, an
objective lens to form the diffraction in the back focal plane and the image of the sample
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in the image plane, and some intermediate lenses to magnify the image or the diffraction
pattern on the screen.
3.1.5 Atomic Force Microscopy (AFM)
An Atomic Force Microscope (AFM) is a scanning probe microscope that relies
on the force experienced by a cantilever [53]. AFM operates by scanning an ultra small
tip with a radius less than 10nm, supported by a 100-200 micron long force-sensing
cantilever, over the sample, and from the changes detected produces a three-dimensional
image of the sample surface [54]. A schematic of the typical setup is shown in Figure
3.1.2.

Figure 3.1.2. Schematic representation of AFM components.
Probe sample interactions induce bending of the cantilever typically measured through a
laser deflection signal change that is recorded on a photodetector. A feedback control
system responds to those changes by adjusting the tip-sample distance in order to
maintain a constant deflection distance to the sample surface. It is essentially this vertical
movement of the tip that translates into a topographical image of the surface with
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accuracy of a few nm or less. The actual resolution depends on the size of the AFM tip
and the mechanical properties of the sample. For a high resolution, the tip needs to have
a relative motion of equivalent resolution with respect to the sample. A piezoelectric
transducer is used because it changes its shape with applied external voltage. The
cantilever is placed onto a stage which is coupled to such a transducer. The resolution
depends on the vibration on the sample. The AFM images in this study were taken with
the Veeco Dimension 3100 AFM located in the Nanotechnology Research and Education
Center at USF.
3.2 Transport and Magnetic Measurements
3.2.1 Resistivity
Electrical resistivity measurements can be done by using a 4-point probe method.
Four collinear evenly spaced probes are placed in contact with the material of interest,
and a current is sent through the outside probes. The two inside probes develop a voltage
which is measured. The resistivity is for a semi-infinite wafer is given by [55]:
ρ = 2π*s (V/I) €

(3.2)

Where s= spacing between the probes, and € is a tabulated correction factor. The
arrangement is typically done in a temperature controlled chamber, so that the resistivity
vs. temperature can be measured.
3.2.2 Magnetic Measurements
The magnetic properties of a material are commonly probed by the application of
an external DC field. One of the most important DC measurements is the magnetization
versus applied magnetic field or hysteresis loop. A number of quantities can be
determined from the hysteresis loop, namely the saturation magnetization Ms, the
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remnant magnetization Mr, and coercive field Hc [56]. Each of these quantities are
indicated in Figure 3.4.1, and are defined as follows. One starts with a material in an
unmagnetized state, M = 0. The sample is immersed in a magnetic field, H, that is
gradually increased from zero field in the positive direction [57]. The magnetization
increases from zero to Ms. After saturation, the magnetic field H is reduced and M
decreases from Ms to Mr. The reverse field required to decrease the magnetization to
zero is called the coercivity, Hc. The field is then brought to negative saturation and
finally back to the positive maximum field to close the loop. The shape of the hysteresis
loop determines the suitability of the material to a particular application. For example, a
square shaped loop is suitable with large remanance and coercivity is suitable for data
storage since it has two stable

Figure 3.2.1 Magnetic Hysteresis curve showing major points of interest.
magnetic states. On the other hand, M-H loops with very small remnant coercivity or
residual magnetization are characteristic of soft magnetic materials and are useful in
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transformer cores such as used in AC, and also RF applications. By observing the M-H
loop, soft and hard magnets can be distinguished from another. For this work,
measurements were performed using a Physical Properties Measurement System (PPMS)
made by Quantum Design in the USF Physics Department. The PPMS consists of a
liquid helium dewar equipped with a longitudinal superconducting magnet, which can
give a field of up to 7 Tesla. The temperature can be controlled in the range from 2K to
350K.
3.2.3 Seebeck Measurement at LAMSAT
The Seebeck coefficient is a measure of the entropy per charge carrier and relates
the thermoelectric voltage to an applied temperature difference as:

α=

∆V VH − VC
=
∆T TH − TC

(3.3)

where VH and VC represent the hot and cold voltages, and TH and TC represent the hot
and cold temperatures, respectively.

A differential method was used for the

determination of the Seebeck coefficient. The differential method depends on the
temperature difference, ∆T, and potential difference, ∆V, measured between the same two
points of the sample when the net current in the sample is zero, I = 0. When the net
current is zero, the electric field in the sample is only due to the thermopower, E = α∆T
[58]. The apparatus used at LAMSAT was developed by Dr. Bobby Hyde, who
constructed and characterized the equipment for the measurement of his dissertation work
on clathrate films. [59-63]
`

In the apparatus shown in Figure 3.2.2, the heater blocks are 3.82 cm long × 8.82

cm wide × 1.33 cm high stainless steel. Each block has a 6.14 mm diameter × 5.12 cm
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long, 250 watt stainless steel sheath cartridge heater inserted into the block. The heating
elements are secured into the blocks with silver ink to improve thermal contact. The
power to each heater block was adjusted by 0 - 120 V AC Variac power supplies and the
temperature is measured and monitored with thermocouples [59]. Test samples are
mounted by clamping between two stainless steel blocks. This is accomplished by
coating the block-sample contact areas with silver ink for adhesion and to improve
thermal contact. The temperature probes are bare T-type, copper-constantan, 0.005 inch
diameter, 12 inch long thermocouples. The thermocouple touches the sample at the
thermocouple junction. The junction end of the thermocouples was adjusted so as to
maintain their position on the sample under slight compression (as a bent wire touches a
surface) and then a small amount of silver ink, less than 1 mm in diameter, was applied to
ensure thermal contact while securing the position. Thermocouples are attached to each
of the heater blocks semi-permanently. Thermocouples are also attached toward the
middle of each sample as shown in Figure 3.2.3. Before measurement, the conductive
ink was dried by first heating the blocks for 15 min at approximately 80οC. The whole
setup was then allowed to cool down to room temperature before the start of
measurements. The apparatus was screened from drafts by an enclosure to minimize
temperature fluctuations. The voltage difference was measured between the copper legs
of the thermocouples and read by a Keithley 182 Sensitive Digital Voltmeter and
displayed on a National Instruments LabVIEW 6.1 program which averages and displays
the voltage. A simplified diagram of the Seebeck coefficient measurement apparatus is
shown in Figure 3.2.4. To measure the Seebeck coefficient, the temperature of one of the

34

Figure 3.2.2 A schematic wiring diagram of the apparatus used at LAMSAT to measure
the temperature gradient and Seebeck voltage, used to determine the Seebeck coefficient.
Reproduced with permission of the author. [59]
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Figure 3.2.3. Side angle view of the LAMSAT Seebeck apparatus showing the position
of the sample and thermocouple connections secured with conductive ink.
blocks was increased by adjusting the voltage, while the other one was left unpowered,
thus establishing a temperature difference. Once the temperature had stabilized, the
voltage difference and temperature of each thermocouple was recorded.
The possible sources of error are compensation error, linearization error,
measurement error, thermocouple wire error, and noise error. To minimize errors, the
National Instruments SCB-68 shielded desktop connector block has a temperature sensor
for cold-junction compensation (CJC). The temperature sensor is powered with switches
S1, S2, and S3 set for single-ended or differential mode. This configuration also powers
the signal conditioning area and circuitry. CJC is accurate only if the temperature sensor
reading is close to the actual temperature of the screw terminals. Therefore, when reading
the thermocouples, the NI SCB-68 is kept away from drafts or other temperature
gradients, such as those caused by heaters, radiators, fans, and warm equipment [60].
3.2.2

Seebeck Measurement at PGN Energy
Resistivity and Seebeck measurements were carried out using a commercially
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Figure 3.2.4. Simplified diagram of the Seebeck coefficient measurement apparatus used
at LAMSAT. Reproduced with permission of the author. [59]
made machine (ZEM-3; ULVAC Technologies, Inc., Methuen, MA) as in Figure 3.2.3.
This machine measures the electrical conductivity by a four-point current-switching
technique. In addition, the Seebeck coefficient was measured by a static direct-current
method. Seebeck is determined from the slope of voltage difference versus temperature
difference curve measured by two thermocouple probes. To avoid possible oxidation, the
measurement was carried out in helium atmosphere. The electrical resistivity and
Seebeck coefficient measurements can be measured over the range between 20οC and
800 οC [64]. More details about this machine are seen in Appendix 3.

Figure 3.2.5. The model ZEM-3 Power Conversion Efficiency Measuring Instrument
manufactured by ULVAC Technologies, Inc. used at PGN Energy for TE measurements.
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CHAPTER 4
GROWTH OF Ca3Co4O9 USING LASP
4.1

Growth

4.1.1

Initial Growth Study
Using the LASP method, films were grown near atmospheric pressure at

temperatures varying the substrate heater between 100οC – 400οC. The chamber can be
seen in Figure 4.1.1. The laser seen coming in from the left corner was a constant
wavelength CO2 laser with 5 Watts power [65]. The beam of the laser was focused onto
the droplet output from the nebulizer directed by a SF6 gas flow into the T-cross section.
The nebulizer output was a custom-design, and carefully constructed in the USF
chemistry department by the glassblower. It was designed to be clear for observation of
nebulized droplets, and had gas input through the back at an optimized height for the
nebulized plume. The temperature of the nebulized droplets in the absorbed beam in the
SF6 gas flow was measured to be 300οC. After coupling into the laser beam, the flow of
the droplets continued on to the heated substrate where a film was created. The solutes
used were CaCl2, and CoCl2, and were chosen because of their availability, and
dissolving abilities in commonly available solvents. The solvents used were acetone,
methanol, and deionized water. Since the smallest starting particle was desired, the size
of the nebulizer output particle was calculated, and was a function of the solvent density,
surface tension, and density. The results can be seen in Appendix I, with methanol giving
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the smallest diameter droplet from the output of the nebulizer. Methanol dissolved the
solutes well, but had combustible properties in an environment which contained a small
amount of oxygen, causing undesired explosive reactions, again verified experimentally.

Figure 4.1.1. The LASP experimental setup used at LAMSAT.
Of these others, acetone was quickly found experimentally to create a problem with the
gold plated nebulizer crystal, causing fast failure of the nebulizer crystal, and introducing
unwanted gold impurities into the process. It was determined that deionized water was
the best solute choice for the system since it also dissolved many solutes well without the
experimentally determined negative qualities mentioned above. Therefore, DI water was
used as a solvent for these studies.
Optimum temperature using this setup was 300οC, giving a macroscopically
uniform film. For temperatures above 300οC, the amount of deposition decreased with
temperature due to droplets evaporating before the solutes had a chance to stick.
Precursor solutions were formed by combining calcium chloride with cobalt chloride
salts and then dissolving in deionized water. The amounts of the chloride salts were
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calculated stiochiometrically from the formulas of the dihydrate and heptahydrate salts
CaCl2.2H2O, CoCl2.6H2O, respectively. These salts were chosen due to their low cost, in
an effort to establish that good results could be achieved starting with chemicals in the
most economical way possible. The salts were combined in solution with DI H20 to
make an initial 0.1 M solution. Concentrations were further reduced in by diluting the
original solution with the appropriate amount of solvent to make each desired molar
value. Using the spray pyrolysis technique previously described, films were then
deposited at heater temperatures of 300οC, and at a pressure of 100 Torr. As-grown films
did not show desired peaks of the material Ca3Co4O9, so an annealing step was required.
The grown films were annealed in a furnace with an oxygen flow at a temperature
of 750οC. The propagation of the desired crystalline oxide peaks was studied in time
from as-grown to 1 hour of annealing as seen in Figure 4.1.2. The characteristic peaks
became stronger as time progressed, with no further changes observed after 2 hours.

Figure 4.1.2. Ca3Co4O9 XRD peaks showing change compared with annealing time. [66]
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Using the EDS analysis feature associated with the LAMSAT SEM, the
characteristic X-rays were examined versus energy as seen in the Figure 4.1.3. All
desired elements were seen when performing EDS analysis on the films.

Figure 4.1.3. EDS spectrum of annealed Ca3Co4O9 film prepared by LASP. [66]
Resistance of a thick film prepared by LASP was measured versus temperature with a 4point probe in a large temperature range from 25 K to 180 K. The probe was contained
in a cryostat and cooled down using a helium refrigerator. The probe was heated slowly
to higher temperatures incrementally while measuring the resistance. Semiconductor
behavior was seen at low temperatures as expected, and the trend shows semiconducting
behavior in agreement with others, as seen in Figure 4.1.4.
As a first effort to create a one-step process, the films were deposited onto a high
temperature substrate to eliminate the annealing step. Films were made of decreasing
concentrations using a heater maintained at different temperatures, up to 500οC. It was
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found that depositions from the LASP process done at temperatures higher than 300οC,
resulted in either non-uniform film coverage, or no coverage of the substrate, and 200οC
was found to be the optimum to create films with uniform coverage for this process.
Therefore it was found that annealing was a necessary part of the LASP deposition
process for the desired Ca3Co4O9 film.

Figure 4.1.4. Resistance vs. temperature for Ca3Co4O9 thick film. [66]
4.1.2. Concentration Growth Study
The benefit of using a process such as LASP, is that the amount of the material
subjected to the reaction environment can be varied simply by changing the concentration
of the prepared solution. It was previously mentioned that changing the size of the
particles embedded in films would change the overall thermoelectric property of the
films. [67] Thus, in attempt to create such films, LASP films were deposited using
decreasing molar concentrations onto a substrate heater maintained at 200οC, and then
annealed at 600οC in an oxygen environment for one hour. Films were made by this
process by concentrations varying from 0.1M to 0.0125 M.
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4.2

Structural Characterization
The resulting sizes created by using different concentrations of the precursor

under the above conditions can be seen in SEM pictures in Figure 4.1.6. The results
show particles of decreasing size in correlation with the decreasing molar concentration,
as desired. However, XRD scans of these films showed that these films did not consist of
the desired crystal planes as later seen in the films annealed at higher temperatures. The
SEM pictures shown in Figure 4.1.6, represent an intermediate stage of the reaction
where all components had not yet combined to give the desired product. However, the
desired trend of reduced sizes due to the reduced concentration was seen.
The above mentioned process was repeated to produce similar concentrations of
films as grown above, but with a higher annealing temperature of 750οC, also in an
oxygen environment. The crystallinity of the desired Ca3Co4O9 films was verified with
XRD seen in Figure 4.2.1, and showed the (100) orientation. From the concentrations
varied from 0.1M to 0.0125 M, the resulting sizes can be seen in SEM pictures in the
Figure 4.1.7. The higher annealing temperature necessary to create the crystalline peaks
is in agreement with other research involving sol-gel techniques, where a minimum
temperature of 650οC was necessary, and peaks were seen to increase in strength when
increasing the temperature up to 900οC. After that temperature the material was seen to
change phase and stoichiometry. [68] From the SEM images in Figure 4.1.7 some large
agglomeration of the particles and melting can be seen, especially in the higher
concentrations. This was an undesired result, and led to consideration of other processes
as an attempt to reduce the agglomeration to get a more continuous particle size
distribution. Based on the SEM pictures and the concentration studies, it is clear that
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Figure 4.2.1. XRD of Ca3Co4O9 peaks seen on a film prepared by LASP on a substrate
at 200οC, and annealed at 750οC in an oxygen environment. [66]
lowering the concentration had the desired effect of reducing the particle size. However,
it is also clear that a high temperature and time consuming annealing process is necessary
to attain the XRD signature by this chemistry and method. The necessary high annealing
temperature created a crystalline film but created a great deal of undesired agglomeration
and melting of the particles, which diminished the effort to make a nanoparticulate film.
4.3

Transport Characterization
Two films were made with made with concentrations of 0.1M and 0.025M, and

thus formed different sized grains. The resistance of these two films was measured
versus temperature to capture the low temperature semiconducting transition. The
resistance measurements were normalized for the asymptotic behavior at room
temperature and can be seen in Figure 4.1.8. Both films showed a characteristic
semiconducting elbow as was previously reported for films made by other methods. [69]
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Figure 4.2.2. LASP Ca3Co4O9 Concentration Studies - concentrations varied from 0.1M
to 0.0125 M – successively reduced 50% - Anneal Temperature 650οC. Prepared solute
concentrations were successively reduced 50% (starting top left, then right to left). SEM
magnification is 30kX; and 100kX additionally for lowest concentration.
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Figure 4.2.3. LASP Ca3Co4O9 Concentration Studies - concentrations varied from 0.2M
to 0.0125 M – successively reduced 50% - Anneal Temperature 750οC. Prepared solute
concentrations were successively reduced 50% (starting top left, then right to left). AFM
image scale is 2 microns on a side.
46

In addition, the effect of the different size particles can be clearly seen, with the film
constructed from smaller particulates showing a higher resistance at a given temperature,
as expected due to more interfaces. Furthermore, the film constructed from smaller
particles shows a sharp upturn in the resistance at higher temperature than the larger
particles.

Figure 4.3.1. Normalized four point resistivity measurements of two different Ca3Co4O9
films prepared by LASP. [70]
4.3 Conclusions
The LASP method combined with annealing demonstrated the capability of making
thermoelectric Ca3Co4O9 films containing grains and crystals of various sizes. The effect
of changing the concentration of the precursors and thus ultimately the embedded particle
sizes was shown to change the electrical properties of the film. However, a weakness in
the LASP process for this was seen, because of the high crystalline growth temperature
requirements of these tested complex chemistries. The annealing process was shown to
be a necessary lengthy step, producing a great deal of unwanted agglomeration.
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CHAPTER 5
MODIFIED MICROWAVE PLASMA SPRAY PROCESS AND INITIAL
GROWTH STUDY OF Ca3Co4O9 FILMS USING A MICROWAVE PLASMA
5.1 Microwave Assembly Issues and Initial Required Modifications
A microwave system was constructed similar to that previously noted with a
magnetron, waveguide, tuner, and slider. The construction of such a system was not
trivial, and so the assembly and modification of the microwave were complicated and
became Mr. Marek Marlek’s master’s thesis project.[74] Challenges were immediately
seen when introducing a gas and creating a plasma in a small diameter tube. Pressures
below 0.5 Torr could not be reached with the first versions of the system, and it was
necessary to run it at higher pressures due to vapor pressure of the solutes. One problem
that came during initial testing was that the plasma was found to be so hot that the quartz
were melting within seconds of starting the plasma. Many tubes were melted before it
was clear that the chamber would not work in the first constructed configuration.
Several variations or modifications of the chamber were explored. In particular,
tubes ranging from a half inch in diameter and up were investigated before finalizing at
the 1 inch diameter configuration presented in this work. It was found that the smaller
diameter tube produced a plasma that was very intense and tended to be focused on the
front or the back of the tube sides. As a result, the quartz tubes melted very quickly, and
thus the setup was unusable. Because of melting problems with the tubes the chamber
was redesigned to use a larger tube to widen the plasma and keep it from the quartz tube
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walls, and the vacuum connections and openings were widened to create a higher flow
and reach a lower chamber pressure. It was also necessary to modify the water jackets to
fit the larger tubes and introduce more cooling. The result was that the plasma could be
run at pressures less than 5 Torr, and the system was capable of creating a nice uniform
plasma even with two separate flows.

The introduction of water particles from the

nebulizer did not cause the plasma to extinguish. Once the issue with melted tubes was
resolved the system was ready for testing of the growth of materials.

Figure 5.1.1. Microwave Deposition Chamber at USF.
Reproduced with permission of the author. [74]
5.2.

Initial Growth Study of Ca3Co4O9 by Microwave Plasma Assisted Spray

5.2.1. Growth
To test the Microwave Plasma Assisted Spray process (MPAS), first the nebulizer
was filled with the same mixture as that used for Laser Assisted Spray Pyrolysis. Then
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this solution and subsequently produced droplets were directed into the microwave
chamber using an argon carrier gas. The tuned microwave power was 600 W, and the gas
flow through the MFC was 500 sccm. A thin film resulted that showed peaks in XRD but
not that of (100) family Ca3Co4O9 as previously seen when grown by the laser spray
pyrolysis followed by annealing technique. The microwave technique was repeated in
the same manner, but with an oxygen spray carrier gas. The substrate was a silicon wafer
and a thin film was grown and characterized.
5.2.2. Structural Characterization
Resulting films from the initial growth using the microwave were characterized
by SEM images, EDS spectra, and XRD scans. The resulting particles on the film can be
seen in the SEM of Figure 5.2.1.

Figure 5.2.1. SEM showing initial results of particles grown using a 600W oxygen
microwave plasma showing the resulting surface particles.
The SEM particles showed that the size of the particles arriving at the substrate
were of the desired submicron or nanoscale order for this project. The composition of the
particles was checked with EDS. EDS showed the desired elements arrived at the
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substrate, including the calcium, cobalt, and oxygen as listed in Table 5.1. In addition to
the desired elements, however, it can be seen that some unreacted chlorine is present
from the original solute salts. Silicon is also detected in a large percentage due to the
electron beam sampling through the thin layer of particles into the silicon substrate, but
this is not due to a reaction problem of the precursors.
Table 5.1. EDS of one of the 1st microwave MPAS plasma film showing that the desired
elements incorporated into the film.
Wt % Oxygen
20.78
21.95
Average
21.36

Wt % Silicon
75.61
73.58
Average
74.59

Wt % Chlorine
1.86
2.18
Average
2.02

Wt % Calcium
0.39
0.62
Average
0.51

Wt % Cobalt
1.35
1.66
Average
1.50

The XRD of a film grown with the microwave process using an oxygen flow gas showed
a noisy background, and the strongest peak of the desired peak of Ca3Co4O9

Figure 5.2.2. XRD of microwave plasma film showing Ca3Co4O9 (002) and (004) peaks
above the background.
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above the noise, as seen in Figure 5.2.2. This was a promising beginning, but the peaks
clearly needed to be much stronger, which required a better control and understanding of
the process parameters such as temperature, flow, etc.
The initial characterization results from films grown by the MASP technique lead to the
following observations:
•

The potential of growing nanoparticle coatings of Ca3Co4O9 by a microwave
spray pyrolysis method was seen, although process development is necessary.

•

The size of the particles can be reduced by reducing the concentration of the
precursors in a similar way as from the LASP technique.

•

Necessary elements of the desired compound were reproduced and confirmed by
EDS.

•

Incorporation of a microwave heating further reduces particle sizes due to
enhanced heating of the spray precursors.

•

Some weak crystallinity of thick films made from these nanoparticles was
confirmed by XRD.

•

Potentially the crystallization can take place in one step, making this method the
simplest for the manufacture of this type of nanoparticles.

5.2.3. Conclusions
Previous results from different growth techniques attempted lead to the
development of the microwave system described in this chapter as an approach to grow
nanoparticulate oxide thermoelectric films. However, while demonstrating the growth of
films using the microwave, the XRD of the initial films showed only a small degree of
crystallinity. In addition, the EDS showed a fairly large amount of unreacted chlorine.
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Clearly, without careful consideration of the temperature of the plasma and/or the
substrate the problem of low crystallinity cannot be explained. Both these results suggest
that one cannot simply just put in precursors to make a tertiary compound of this type and
collect the desired fully reacted product on the opposite side of the microwave output.
In order to understand why the chemical reactions were not completed by using
the plasma, it was necessary to study the plasma temperature more completely, so that the
process could be modeled. This is detailed in Chapter 6.
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CHAPTER 6
MICROWAVE CHAMBER DIAGNOSTICS

The conditions created in the chamber were investigated by thermocouple
measurements, spectra measurements, and calculations using spectral measurements.
The effect of the surrounding temperature conditions on gas directed droplets was
modeled using diffusion. The following sections describe how each measurement or
calculation was done, and the results.
1.

Thermocouple measurements.
i. Substrate Heated by Heater Condition
ii. Substrate Heated by Plasma Condition

2.

Atomic Spectra measurements

3.

Temperature calculations using atomic spectra

4.

Thermal diffusion modeling for a spherical particle

6.1. Thermocouple Measurements
Temperature measurements were done using a Type K thermocouple that was
attached to a rod and lowered into the center of the chamber to measure temperature as a
function of position, as can be seen in Figure 6.1.1. The maximum power of the
microwave system used was 1200 W. To extend the life of the system, and operate in a
stable region, a more reasonable constant power level of 800 W was used. It should be
noted that many tubes were melted when trying to run the system at higher power levels,
54

and since it was shown that the power was not a big factor on final temperature, it was
kept at a constant level, approximately 75% of maximum. Previously, using the same
system, Marlek determined that temperature was most greatly affected by the gas flow
and the pressure, with the power level being a much smaller factor. For example,
changing the absorbed power a factor of 5, from 200 W to 1000 W, the temperature only
varied 20%. [74] Therefore, for this study, the power was kept at a constant 800 Watts.
To characterize the microwave system for the deposition conditions used in this
study, the temperature profile created by the plasma was measured for two conditions, the
first for a heater assisted arrangement, and the second for an arrangement where the
substrate was heated directly by the plasma.
6.1.1. Substrate Heated by Heater Condition
For the film deposition condition where the externally powered block heater was
used, high flow rates were necessary for the nebulized droplets to reach the substrate.
The flow necessary for droplets to reach the substrate in this arrangement was a fairly
high 2 slpm. The target of the top of the flow was located near the middle of the
cylindrical pyrex chamber top. This position was chosen so that the top or bottom of the
chamber would not experience uneven heating, and crack the chamber. This was learned
as a result of experiencing cracking in the chamber from a heater in the earlier LASP
studies, requiring the chamber to be replaced. Measurements using the thermocouple
setup can be seen in Figure 6.1.2. Measurements were done at 20 Torr, 30 Torr, with and
without the nebulizer flow introducing water vapor. The flow aperture was 2 mm in
diameter for all measurements except the two measurements denoted pinhole, where the
aperture used was only 1 mm in diameter. From the graph it is clear that there is a sharp
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drop in temperature with distance, which can be attributed to the energy being transferred
to the system through radiation and conduction. Larger flow tubes had issues with
maintaining a plasma, and the thermocouple measurements show the pinhole was seen to
have a lower temperature profile, therefore the 2mm aperture became the flow tube of
choice for all further experiments described in this work. The water vapor showed a
slightly higher temperature, due to additional heat absorbed by water vapor in the plasma.
It can be seen from the measurements taken at 30 Torr, that lower pressures produced
higher temperatures near the waveguide. For lower pressures, the temperature profile is
sharper, whereas for higher pressures the temperature is more flat. The temperatures
were higher when using a nebulizer, where water vapor is flowing with the carrier gas.

Figure 6.1.1. Temperature probe measurement by thermocouple setup.
Reproduced with permission of the author. [74]
Temperature measurements were taken in 1 cm increments from inside the quartz flow
tube just outside the waveguide to 10 cm outside the top edge of the waveguide. The
zero position represents the opening of the quartz tube into the pyrex chamber. It had
been previously observed when using this flow setup as in the case of the heater setup
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that the tube tended to coat more at higher pressures. When the tube gets coated with
material it can cause additional coupling of the microwave energy into the tube wall,
melting the tube. This was a very important additional reason that lower deposition
pressures were more practical and used for this study. Otherwise, the tubes would have
to be replaced following only a few depositions, which adds to the cost of the study, as
well as lost time. In addition, as seen from the graph, lower pressures allowed for a
higher initial temperature while inside the waveguide. The limitation on the lower side of
the pressure was in part limited to the boiling triple point of the solute, water.

Figure 6.1.2. Temperature measurements measured by thermocouple versus position for
solute flow rate of 2 [slpm], and 800 W microwave power, and system pressure 20-30
Torr.
6.1.2. Substrate Heated by Plasma Condition
For the material flow without the use of a heater, the lower position of the
substrate allowed the flow to be reduced to 1 slpm, so that the spray reached just past the
opening of the quartz tube. Measurements using the thermocouple setup are seen in
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Figure 6.1.3. Measurements were done from 20 to 50 Torr, with the nebulizer flow
introducing water vapor. It can be seen from the graph that at the zero position, lower
pressures produce higher temperatures, and higher pressures produce lower temperatures.

Figure 6.1.3. Temperature measurements versus position for an argon flow rate of 1
[slpm], 800 W power, and w/system pressure 20-50 Torr.
Based on these thermocouple measurements the trend shows that the temperature
decreases fairly linearly as a function of position from near the microwave waveguide to
temperatures outside the quartz carrier tube where the gas enters the top of the system.
The slope of the temperature curve was seen to decrease with a lower flow.
Thermocouple measurements inside the waveguide could not be taken due to the high
temperature inside the waveguide reaching the thermocouple melting point, and
additionally the coupling of the thermocouple to the plasma. The temperature inside the
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plasma had to be determined by a different method; thus, an approach using
spectroscopic measurements was done.
6.2. Atomic Spectra Measurements
6.2.1. Spectral Study Using Only Process Flow Gas
The plasma condition was for pressures on the order of 50 Torr, initially without
the use of the nebulizer. The plasma was recorded at 50 Torr using a fiber optic cable
network positioned just outside the quartz tube at the center of the waveguide. The
waveguide had holes that allowed the fiber optic cable to probe the intensity of the
plasma at this position as seen in Figure 6.2.1. Spectra were obtained by coupling the
optical output from the fiber into a spectrometer. The spectrometer range was 200 nm to
900 nm.
The resulting spectra measurements from an argon flow at 1 slpm, and a
background pressure of 50 Torr produces a wide, complex spectrum as seen in Figure
6.2.2. Spectral data were taken along the vertical axis of the quartz tube in the high
intensity regime of the plasma.
Clearly the spectra is quite complex, and contains molecular as well as atomic
spectra. Note: Nearly all the atomic spectra that are present are all from the neutral form
of the spectra, and not from ionized elemental spectra. When seen in tabulated form in
the references, these neutral lines are listed in the form Ar I, or O I. Very small amounts
of Ar II were seen, and the O II also exists for low pressure plasma without the
introduction of water vapor, but the amounts of these are so small they are very near the
measurement background. Similarly, the spectrum of a oxygen plasma was measured at
50 Torr, seen in Figure 6.2.3. From the comparison of these two spectra, it can be seen
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that the argon spectra contains more molecular spectra, and also shows a strong oxygen
signature. The oxygen signature is due to the gas cylinder used in this study containing a
standard grade unpurified argon, which clearly contained oxygen, some water vapor, and
other common atmospheric gases. Since the deposition process involved the
incorporation of water droplets it was investigated how the spectra changed with regard
to incorporating the water, and with pressure.

Figure 6.2.1. Spectroscopic setup coupled to microwave system, showing the fiber optic
cable, spectrometer, and computer to store data. [74]
Reproduced with permission of the author.
6.2.2. Spectral Study Using Process Flow Gas and Nebulizer
The effect of argon flow and pressure with water vapor also in the gas flow on the
resulting spectrum was examined. This was to determine the possibility of using the
spectrum for chamber diagnostics or use as an in-situ temperature measurement
technique. The spectrum was divided up into approximately 100 nm ranges to examine
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Figure 6.2.2. Spectrum of an Argon plasma at 50 Torr, at 800 Watts of microwave
power.

Figure 6.2.3. Spectrum of an Oxygen Plasma at 50 Torr, and 800 W microwave power.
the signatures which exist in each particular region, and spectra were measured at 50,
100, and 300 Torr, with only argon carrier gas; and additionally the argon gas with a
nebulizer water induced vapor at 50 Torr to replicate the deposition condition.
Identification of the spectral lines came from several resources [75-80]. Results can be
seen in the following figures, starting with the spectra from 200 – 300 nm in Figure 6.2.4.
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At 50 Torr with an argon carrier gas, the molecular peaks show a strong signature,
possibly usable for temperature calculations. However, that condition is not the same as

Figure 6.2.4. Spectra from 200 – 300 nm for pressures of 50, 100, and 300 Torr, and 50
Torr with a water vapor. The molecular bandheads are from CO molecular spectra.

Figure 6.2.5. Spectra from 300 – 380 nm for pressures of 50, 100, and 300 Torr, and 50
Torr with a water vapor. The molecular bandheads are from N2 molecular spectra.
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Figure 6.2.6. Molecular spectra from 400 – 500 nm. The bandheads come from CO
molecular spectra.

Figure 6.2.7. Microwave spectra measured from 460 – 600 nm. The molecular
bandheads are from CO molecular spectra.
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Figure 6.2.8. Microwave spectra from 600 – 700 nm. Argon spectral peaks are seen at
650nm, 670nm, and 695 nm. N2 molecular bandheads can be seen at the lower pressures.
H2O bandheads near 620 nm show their presence with the introduction of water vapor at
50 Torr.

Figure 6.2.9. Microwave spectra from 700 – 800 nm. All spectra are from argon, with
the exception of the 775 nm peak seen that is from oxygen.
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Figure 6.2.10. Microwave spectra from 800 – 900 nm. All spectra are from argon, with
the exception of the 846 nm peak seen that is from oxygen.
the chamber deposition conditions, which include a solvent for droplets, hence it is not
usable as an in-situ technique. The magnitude of the molecular species is shown to
quickly decrease with increased pressure, to the point where at 300 Torr, the signature is
unrecognizable. At 50 Torr with a water vapor, which replicates the deposition
condition, the water is seen to greatly diminish the peaks, to the point where they no
longer give large enough signals to use for calculations of temperatures.
When considering all of the above figures, clearly for argon gas many spectral
argon lines exist for pressures typical of deposition pressures of the system. For this
argon flow, very large oxygen peaks are shown to exist, making them possible candidates
for temperature measurements also. Other groups have observed similar strong oxygen
peaks in argon mixed environments. [4]
A similar study was done with oxygen flow and pressure seeking strong spectral
lines at different pressures. The results for chamber pressures of 25T, 50T, and 100T can
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Figure 6.2.11. Microwave spectra measurements from 650 nm to 850 nm for a plasma
using oxygen carrier gas flow at 25T, 50T, and 100T.

be seen in Figure 6.2.11. Strong oxygen spectral peaks can be seen at 775nm, and 846
nm. The other peak at 671 nm is an iron spectral line, that came from portions of the
flow tube made of steel. Later, small modifications to the system extinguished this peak
in observed spectra.
Because of the strong intensity of the very persistent oxygen lines, efforts were
made to measure relative intensity of these lines for temperature calculations. However,
further investigation revealed that both of the strong oxygen lines in the above were
triplets, with very small differences in wavelength in their adjacent lines. The first triplet
consists of lines at 7771.94, 7774.17, and 7775.39 Angstroms. The second triplet
consists of lines at 8446.25, 8446.36, and 8446.76, respectively. It was determined that
despite their strong signature, the 3 Angstrom resolution of our available spectrometer
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was not enough to resolve each line clearly and quantitatively enough for further
calculation and this can be seen in Figure 6.2.12 and Figure 6.2.13.

Figure 6.2.12. Spectometer response to the oxygen 777 nm triplet, measured at 25 Torr,
using oxygen carrier gas flow.

Figure 6.2.13. Spectometer response to 846 nm triplet, measured at 25 Torr using oxygen
carrier gas flow.

6.2.3

Conclusions Spectra Measurements

The results of the initial molecular spectra study was that the molecular bandheads were
not of high enough intensity for use for in-situ monitoring in a system such as used here
at the pressures representative of the growth process. The atomic argon peaks were seen
to diminish greatly with pressure and water vapor incorporation but retained sufficient
intensity for measurement. It was also clear that no matter what the carrier gas used for
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this system, that oxygen triplet peaks at 771 nm and 846 nm would be present, either
from carrier gas or due to the imperfect vacuum in this particular system and
arrangement. However, because of the close proximity of the oxygen triplet peaks, the
accurate determination of individual peaks with the spectrometer of resolution used in
this study could not be done. Hence, from the wide variety of spectra observed for this
system, the argon lines were determined to be usable to monitor the intensity of the
microwave plasma.
6.3.

Temperature Calculations Using Atomic Spectra
One of the important parameters of the plasma for nanoparticle growth is the

temperature. The spectroscopic method used to compute temperature here that has been
used by others [81-87] is described below. Temperature calculation was performed based
on the Boltzmann distribution using the argon emission line intensities of the plasma as
described above at various conditions. The Boltzmann distribution for the emission
intensities can be written as

ln(

I ij λij
g ij Aij

)=−

Ei
+C
kT

(6.1)

where Iij is the intensity of the emission line, λij is the wavelength of the line
corresponding to the energy of transition from i to j, gi is the known statistical weight or
degeneracy of the excited state, Aij is the transition probability of i to j transition, Ei is the
excitation energy, k is the Boltzmann constant, T is the absolute temperature and C is a
constant. Thus a plot between ln(

I ij λij
g ij Aij

) and the excited energy Ei would be a straight

line with a slope of 1/kT, from which the temperature can be obtained. Since the plasma

68

pressure was relatively high (30 Torr), local thermal equilibrium was expected.
Therefore, temperature calculated based on plasma emission would represent the real
temperature of the plasma environment. In addition, it was seen previously using a
thermocouple, that constant, repeatable temperatures were reached. The magnitudes of
monatomic Argon signature energy peaks were recorded. Temperatures were estimated
only using Argon spectral lines with and without the flow of water vapor. Argon lines
were chosen for these measurements at wavelengths of λ1 = 750.38 nm, λ2 =763.51 nm;
and λ3 = 811.53 nm, respectively.
A sample Boltzmann plot from the spectral peak heights is shown in
Figure 6.3.1. for Argon plasma lines. From such plots, using equation 1, the temperature
for each condition was determined. Multiple measurements of this type were made at
different pressures, with and without water vapor supplied by the nebulizer. Each data
point represents the result from spectral measurements for specific spectral lines, to
generate the linear plots as described, and finally the temperatures of each specific
condition was calculated from the resulting linear slope. The result as a function of
pressure can be seen in Figure 6.3.2. Oxygen temperature would be even higher for local
thermal equilibrium (LTE), since it has a smaller mass than the Argon, and additionally
when combined with collisions from H2O gas, the overall heat transfer would be greater
than the Argon. Since the goal was to determine whether the environment of the system
was able to reach the reaction temperatures, and crystalline formation temperatures from
the precursors, the result from the argon lines clearly shows the system reached such high
temperatures, greater than 2000oC. From the figure it is clear the temperature is seen to
increase with input pressure, The standard condition for this study was 30 Torr, which
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shows an temperature in the plasma near 2000oC. The observed drop in the plasma
temperature for water vapor at high pressure is believed to be due to the vapor
transferring greater amounts of energy to the system through collisions.

Figure 6.3.1. Sample Boltzmann linear plot of Eqn. 1 from Argon plasma lines, at
750.38, 763.51, and 811.53 nm, respectively.

Figure 6.3.2. Temperature of the center of the microwave plasma as a function of
chamber pressure, with gas only (circles) and with water vapor (squares). Microwave
power was 800 W, argon flow was 1 slpm.
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As an alternative calculation and comparison of different argon line pairs meeting
the criteria of large separation energies, calculations were done according to Equation 2,
where all constants are the same as Equation 1, except that wavelength has been replaced
by the wavenumber v i [86].

T=

E 2 − E1
A g v I 
k ln 2 2 2 1 
 A1 g 1 v1 I 2 

(6.2)

Relative intensity of two well separated initial energy spectral lines of the same atomic
species were used to calculate the slope. The calculation was done for two different argon
line pairs at a pressure of 20 Torr, as seen in Table 6.1. Argon line pairs were chosen for
these measurements at for pair one: wavelengths of λ1 = 750.38 nm and λ2 =763.51 nm;
and for pair two: wavelengths of λ1 = 750.38 nm and λ3 = 811.53 nm, respectively.
Both pairs showed consistent magnitudes with and without the introduction of water
vapor, and are in agreement with the Boltzmann plots previously presented.
Table 6.1. Temperatures (T) in oC calculated from two sets of well separated spectral
line-pairs of Argon plasma using Equation 6.2
w/o water

w/ water

Line pairs (nm)

T1

1905

1828

Λ1=750.38 and λ2= 763.51

T2

2043

2051

Λ1=750.38 and λ3= 811.53

Summarizing the results of the temperature calculations from spectral lines, it was
shown that a very high temperature is reached in the system, clearly near 2000oC. The
question remains whether the high temperature that is reached is adequate to complete
several steps in particle growth. Therefore, it was necessary to model the evaporation of
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the solute and diffusion of temperature through the particles to determine whether high
enough temperatures can be reached to complete the chemical reactions of the precursors.
This is the subject of the next section.
6.4. Computational Investigation of Particle Formulation in the Plasma
The simplest model to use for the diffusion of temperature into a sphere of liquid
or solid is the use of the heat diffusion equation. This has been used by others in the past
to model the time for temperature to diffuse from a large reservoir to reach the center of a
smaller sphere.
The example of heat diffusion in a hot solid sphere in a cold bath was measured
using thermocouples in the center, and timed experimentally. The same system was
modeled mathematically, and shown to have great accuracy. It can be shown that the
temperature of the center of a sphere in a reservoir is [88]:

[TC − Ts ] = 2 (−1) n+1 e − ktnaπ

[TO − TS ]  ∑
2

2





(6.3)

Or
ktn π

−
n +1
TC = (TO − TS )2∑ (−1) e a

2

2


 + Ts


(6.4)

Where TC , TS , and TO represent the temperature of the center, the surrounding reservoir,
and initial temperature of the sphere, respectively. The radius of the sphere is represented
by a, and k is the thermal conductivity of the material. Using the second form of this
equation allows the straightforward monitoring of the temperature of the center of the
sphere with time. This result was taken and adapted into a computer program using the
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commercially available software Mathematica, by Wolfram. The units of the variables in
this program are the high and low temperatures in Celsius, the radius of the sphere in
meters, and the thermal diffusivity of the material in m2/s. The model and program was
used to test the validity of using the program to calculate a temperature of a sphere in a
reservoir. The result using the original conditions of T0 = 150 oC, Ts = 30οC, and r = 24
mm can be seen in the Figure 6.4.1.

Figure 6.4.1. Mathematica Calculation of heat diffused in a rubber solid sphere of radius
24 mm with a starting temperature of 150οC, in a reservoir of 30οC.

As can be seen from the figure, the time predicted by the model to reach a steady
state temperature was 3650 sec. This result is ~2 % lower than the 3720 sec that was
measured by the referenced experiment, and predicted by the equations of that reference.
Thus, this should serve as a simple, yet appropriate model for the heat diffusion in the
case of this study, and gives an acceptable level of uncertainty. The model was then
applied to determine the temperature reached for the different deposition conditions used
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for the spray pyrolysis techniques used in this work. The different techniques considered
include the laser method; and the microwave method without a substrate heater.
6.4.1. Laser Solute Heating Modeled
First, the model was applied to predict the final temperature of nebulized droplets
using the laser system used for the LASP experiments. As previously mentioned in the
LASP section, temperature of the beam of the 5 Watt CO2 laser was measured to be
300οC, which will be used as the temperature TS. Based on the flow rate of 2000[sccm]
used in the experiment, the time spent in the plasma was 7E-5 seconds. Now using the
above diffusion model for heat diffused into a droplet (diameter = 1.5 microns), and for
H2O, k = 1.5*10-7(m2/s), revealed that the time for the laser to heat the droplet from room
temperature To to 100οC was 5*10-7 seconds. The resulting temperature rise with time is
shown in Figure 6.4.2, from Mathematica calculations. This leaves greater than 6*10-5
seconds left in the laser to boil the particle.

The nebulizing rate is 0.5 ml/min,

corresponding to 8.3*10-3 cc/s = 8.33*10-3 g/s. The laser has a 5 J/s output, so the
amount of water that could be boiled off is the Power / Latent heat of Vaporization, or (5
J/s)/ 2257 kJ/kg, corresponding to 2.2*10-3 g/s. This amount is much less than the
nebulizing rate. This calculation shows the laser gives just enough time to heat the
droplet to the boiling point, but only boils off on the order of 25% of the water.
Increasing the microwave power to 20 Watts would allow the solute to be boiled off. (At
the time of this experiment such a laser was not readily available, and the laser used for
this experiment was run at maximum power). What this result also reveals is that the laser
used in this study did not provide any additional energy for the remaining solute to
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complete a chemical reaction. Thus, the completion of additional reactions had to be done
at either the substrate, or by an additional annealing step as verified experimentally.

Figure 6.4.2. Mathematica Calculation of heat diffused in a liquid water sphere of
diameter 1.5 microns. Starting temperature of droplet is 20οC, starting temperature of
surrounding gas is 300οC, k= 1.5*10-7 m2/s.

6.4.2. Solute Temperature From Microwave Plasma Heating Modeled
The model will be applied to check the induced temperature of the droplets from
the temperature created in the case of a microwave plasma. Since this method had flow
rates much lower than that of the heated substrate method, its result would represent the
condition best suited to raise the temperature of the nebulized droplets. From the
previously mentioned section on the spectral temperatures, the temperature of the gas
using 800 Watts microwave power was calculated to be 2000οC. Based on the flow rate
of 1 [slpm] used in the experiment, the time spent in the waveguide portion of the plasma
was 7.5*10-3 seconds. Now using the above diffusion model for heat diffused into a
droplet (average diameter = 1.5 microns) revealed that the time for the microwave to
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heat the droplet from room temperature to 100οC was 2.5*10-7seconds, as shown in
Figure 6.4.3, from Mathematica calculations. This leaves greater than 7.4*10-3 seconds to
boil the particle. The nebulizing rate is 0.5 ml/min, corresponding to a rate of 8.3*10-3
cc/s = 8.33 *10-3 g/s. The laser has a 800 J/s output, so the amount of water that could be
boiled off is the Power / Latent heat of Vaporization, or (800 J/s)/ (2257 kJ/kg),
corresponding to 0.3546 g/s. This amount is much greater than the nebulizing rate. This
calculation shows the microwave boils off the water solute quickly, and leaves near
7.4*10-3 seconds to heat the remaining particle.

Figure 6.4.3. Mathematica Calculation of heat diffused in a liquid water sphere of
diameter 1.5 microns. Starting temperature of droplet is 20οC, starting temperature of
surrounding gas is 2000οC.
Finally, the question remains as to whether the input power can supply enough to
reach reaction temperatures of the remaining chemical salts. Based on considerations of
molarity, it can be shown that the extreme size of a particle based on the starting diameter
of the solute is 0.5 µm, or r = 2.5*10-7 [m].

This was then used as a new starting
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diameter for the model, with the low temp as 100οC, and the high temp as calculated
from spectra measurements as 2000οC. The thermal diffusivity of the remaining salts
was taken as 1*10-7 m2/s, an extreme worse case, which reflects a very low diffusivity.
As seen in Figure 6.4.4, the temperature of the material reaches the plasma temperature
within 2*10-6 seconds. Considering the previous steps in heating the nebulized droplet, it
is estimated that the droplet will be exposed to 2000οC for on the order of 7*10-3 seconds.
Therefore, this shows that for the conditions used in this study that for compounds with
reaction temperatures less than 2000οC, the reaction has a possibility of completion.

Figure 6.4.4. Mathematica Calculation of heat diffused in a spherical salt. Starting
temperature of salt is 100οC, starting temperature of surrounding gas is 2000οC.

6.5.

Conclusions
The temperature of nebulized droplets and the contained salts was calculated for

the different deposition conditions used in this study. For the laser method, the results
showed that the droplets reached the boiling point of water, and boiled off only 25% of
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the water, due to the power need to evaporate the droplets being less than the nebulizing
rate. This result showed the obvious need to incorporate a heated substrate, and
confirmed the advantage that could come from a higher surrounding temperature to
evaporate the solute and induce more reactions in the nebulized droplets.
Using a microwave plasma for the flow rate conditions as used for the plasma
heating of the substrate, it was shown that the boiling temperature of the solute was
quickly reached, and that the power input was much greater than the nebulizing rate,
showing that all the solute was evaporated. In addition, considering the flow rate and the
time of flight, it was shown that the temperature of the remaining salts reached the
temperature of the surrounding atmosphere, at 2000οC. This implies that if the
breakdown temperatures of the salts are less than the final temperature after diffusion,
there is a possibility of a chemical reaction between the salts contained in the precursor.
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CHAPTER 7
MATERIAL GROWTH USING MICROWAVE ASSISTED SPRAY TECHNIQUE

Note to Reader
Portions of these results have been previously published (Wangensteen et. al.,
2011) and are utilized with permission of the publisher.
7.1 Growth and Characterization of Ca3Co4O9 by MPAS using a Substrate Heater
7.1.1. Growth
As for the LASP films, a resistive bulb inside of a 1.5 x 1.5 inch iron composite
block was used as a substrate heater to increase the temperature of the substrate during
film growth. Temperature was controlled by regulating the input voltage into the resistive
bulb. The heater location was outside of the quartz tube due to the heater being much
larger than the diameter of the tube, and so as not to interfere with the temperature of the
tube or the material flow. The placement of the substrate heater was in the center of the
Pyrex chamber top, 4 inches from the opening of the quartz tube. The position outside
the quartz flow tube was necessary because the heater added extra undesired heat to the
chamber top, and required heating the chamber top uniformly so as not to break it. This
was learned previously while using the laser (LASP) technique, when a heater hot spot
resulted in a cracked chamber, which had to be replaced. Because this location required
more distance travel, the flow necessary for the particles had to be quite high. Using a 3
mm diameter nozzle, the flow used here was 2 [slpm]. The additional travel distance also
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increased the time for the components to react. The chamber in this configuration got
considerably hot, due to the transfer of heat by the moving fast moving gases which had
little time to cool. It was necessary to place strong moving fans directed at the outside of
the chamber wall to reduce the accumulated heat. The aerosol droplets reduce in size and
react due to the plasma and are finally deposited onto a heated substrate (~100-600οC).
Others had previously grown thin-films of Ca3Co4O9 by other methods with success
between 650 – 750οC, well below the >900οC critical temperature, where the preferred
grown crystal changed to Ca2Co2O5. [89] Films were grown on substrates controlled by
the heater temperature in steps from 100οC to 600οC, and monitored with XRD and SEM.
Films grown below these temperatures did not display XRD signatures. In addition,
when films were deposited at higher temperatures, they became cobalt rich. The cobalt
ratio increased with substrate temperature, which correlated with the increased heater
voltages. The percent of calcium and cobalt in the films was measured by EDS, and from
the EDS values the cobalt to calcium ratio was calculated, which had a target value of
4:3, or 1.33. The change in the chemical ratio of the films can be seen as a function of
the heater voltage in Figure 7.1.1. The cobalt rich films made at high temperatures also
created structures which contained cobalt globules as seen in Figure 7.1.2. It was found
that the optimum parameters when using the heater was a temperature of 450οC, with 2
slpm oxygen flow. As deposited, the films were deposited were cobalt rich, with a small
amount of chlorine present ~ 0.3 – 2 %. By annealing the films for 20 min at 750οC, the
chlorine was removed, and the correct calcium to cobalt ratio was achieved. If subjected
to annealing at higher temperatures the effect was to make the films cobalt rich. Using
the above conditions, films were deposited on quartz substrates by using this method at
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450οC, and solute concentrations from 0.08M to 0.01M, and then annealed for 20 min at
750οC. This technique was used to create films containing nanograined particles.

Figure 7.1.1. The Co/Ca ratio of as-grown films deposited with the MPAS technique,
with additional substrate heating with a block heater. The graph shows the increase in Co
concentration with increased heater temperature.

Figure 7.1.2. SEM images of cobalt rich cobaltate films from a high temperature
substrate growth at 800οC, showing triangular features, and cobalt rich globules.
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7.1.2. Structural Characterization
Top surface film images taken with an SEM show very interesting formations of
individual particles of fairly uniform sizes as shown in Figure 7.1.3, where the
magnification is 30 kX. From the SEMs, the size of the crystals edges at the surface vary
in size from between 100nm to 500nm. The grain boundary sizes can be more clearly seen
at higher magnification as shown in Figure 7.1.4. The nanoparticle nature of the films was
addition-ally verified by AFM scans of films as seen in Figure 7.1.5, where many
particulates of submicron size are seen. The initial growth study mentioned in Chapter 5
was done without a heater, and showed very little crystallinity and a large amount of
unreacted chlorine. The additional energy provided by the heater produced films of much
greater crystallinity than without the heater. This is supported by the much stronger XRD
peaks of resulting films as compared to films prepared without heating as in the initial
study, seen in Figure 7.1.6. Signature peaks of Ca3Co4O9 in crystalline phase are shown.
At first appearance, the results seem to be what is expected, since the different
concentrations produced films which varied in particle size. However, by closer inspection
the results of the above films appear to contradict what was expected, that is, the largest
concentration of solute produced the smallest particle size. This is most strongly seen in
film D, where the resulting grains have widths as large as 1 micron. From the beginning
solute concentration the expected size is only 50 nm. This contradictory result is due to the
thermally enhanced mobility and annealing of the deposited particles. The lower
concentration particles come to the substrate more completely reacted and smaller in
diameter than those of larger concentrations. They then react and combine quickly with
other particles, and form much larger structures, as a tall building made from small bricks.
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Here the initial small particles grew much larger as a result of additional annealing due to
the heater. In addition, the large structured features that resulted from the low
concentration films leave many gaps, which is not desirable due to lowering the film

Figure 7.1.3. SEM’s of MPAS grown Ca3Co4O9 films deposited onto a substrate heated to
450οC. Prepared solute concentrations were (clockwise from top left):0.08 M, 0.04 M,
0.02 M, and 0.01 M, respectively. Scan magnification is 30kX.
density. However, the material property in the end that is most desired for thermoelectrics
is the power factor, which is closely related to the electrical
resistance of the material. Therefore the electrical properties of the films grown using
different concentrations was measured.
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Figure 7.1.4. SEMs of MPAS Ca3Co4O9 films deposited onto a substrate heated to
450οC. Prepared solute concentrations were (clockwise from top left):0.08 M, 0.04 M,
0.02 M, and 0.01 M, respectively. Scan magnification is 60kX.
7.1.3 Transport Characterization
Resistance measurements were done using a 4 point probe technique mounted into a
cryostat that could be cooled by refrigerators to near 10 K, then slowly heated back to
room temperature by a small heater. The resistance measurements exhibit the effect of
smaller particle size as evident from the onset of semiconducting behavior at a higher the
temperature as seen in Fig. 7.1.7
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Figure 7.1.5. AFM 10 µm scan of MPAS grown Ca3Co4O9, using a substrate heater at
450οC, using a 0.02M concentration.
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Figure 7.1.6. XRD results of MPAS grown Ca3Co4O9 films A – D respectively, using a
substrate heater at 450οC.
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Figure 7.1.7. Normalized resistance measurements on films containing different sized
grains. The film with the smallest grains has the greatest resistivity, and the highest onset
of semiconducting behavior.
The different sized particle effect on conduction seen on these MASP films of
different concentrations is much greater than the effect which was first seen using the
laser assisted approach. This result suggests a more completed reaction of the particle
arriving to the substrate over the laser approach, allowing the film to contain particles of
sizes more closely related to the concentration than those subjected to long anneal times.
The large particles exhibit the primarily thermally activated conduction typically seen in
bulk material at temperatures less than 50 K, where the resistance increases
exponentially. The smaller particle film shows a deviation from the larger particle
temperature scan at just 40 degrees below room temperature, and the resistivity quickly
increases exponentially. Futhermore, the film with the lowest concentration shows what
appears to be a different type of activated conduction mechanism than that of the largest
particles as seen from the graph of ρ vs. 1/T shown in Figure 7.1.8. This suggests that the
smaller particle film exhibits an additional conduction mechanism, such as carrier
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hopping. This effect is attributed to the larger number of interfaces and defects due to the
smaller particle size.
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Figure 7.1.8. Resistivity for films with particle sizes 221nm and 708nm.

The results of the resistivity measurements clearly show the lower concentration films
had a significant effect on the electrical conductivity of the films, but the resulting
particles did not scale visually as expected as seen in the SEM pictures.

7.1.4 Conclusions
Surprisingly, the final size of surface structures did not necessarily correlate with
the concentration of the particles, which would be the case if the particles had completed
their reaction in the plasma. The heater clearly allowed the reaction and crystallization to
go on much longer, causing the particles to combine and grow into larger crystals and
formations. In addition, since the smaller concentration required the process to run
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longer for films to be grown at equal thicknesses, this process of creating larger structures
during film growth was enhanced further than that of higher concentrations.
Based on what was observed from this study, such as small particles recombining
to form bigger particles, and concentrations greatly deviating from the initial
concentration due to the different reaction temperatures of the components, another
approach was desired. The next approach in the development of a successful one-step
nanoparticulate growth process was to take the heater out of the process, and heat the
substrate by orienting it nearer the plasma.
7.2 Plasma Heated Growth of Ca3Co4O9 by MPAS
Based on the previous study and some undesired results when using a heater to
control the temperature of the substrate, the next approach was to use the plasma itself as a
different way to control the heating of the substrate. Despite the high temperatures reached
by the droplets in the plasma, the formation of strong crystalline peaks was not seen
without the heating of the substrate. As described in a previous chapter, a thermocouple
was used to measure the temperature of the gas at incremental locations, going away from
the waveguide to the position of the substrate. The hottest location was closest to the
waveguide. Based on this fact, the temperature of the substrate was controlled by lowering
the substrate down in the direction of the microwave waveguide to allow the substrate to
reach higher temperatures. The substrate was mounted to a stainless steel cylindrical puck,
¾” in diameter, and attached to a rod mounted through the center of the chamber top. The
puck was made in the USF physics machine shop by machinist Bob Harrington. Note that
the size of this holder is near the maximum for fitting inside the tube, while still leaving
some small space to allow for rotation and for gases to escape around the outside edge of
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the holder. Using a previously described calcium cobalt precursor prepared from chloride
salts at 0.25M, films were grown at different locations for 10 minutes, and checked for
crystallinity using XRD, without further annealing. The limitation for the lowest possible
position of the substrate was near the top of the waveguide due to a coupling of the
microwave to the substrate holder and assembly. As seen in Figure 7.2.1, the crystallinity
increased as the substrate approached the waveguide top. The dimensions shown on the
top right of each scan corresponds to the position below the outlet of the quartz tube where
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Figure 7.2.1. XRD scan of 0.25M films grown at different substrate positions as measured
from the top of the quartz tube. The sharp peaks and thus crystallinity is more prominent
when the substrate was closer to the microwave and thus hotter.
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positions outside the chamber the film is mostly amorphous, except for the (002) peak near
16 degrees. At a point even with the opening of the quartz tube, the film shows more
peaks, and others growing. Also present at that level even with the substrate are the
undesired peaks of Co3O4 indicating the need for a higher substrate temperature. At the
lowest location, the films show all the desired crystalline peaks, with no undesired peaks or
phases. These results correlate with the work of others by Sol-Gel techniques showing
peaks changing with temperature. In addition, the non appearance of the undesired
Ca3Co2O6 confirms the substrate remained less than 950C, as seen by Zhang. [89]
Based on the peaks seen from the XRD scans of the films grown at different
positions, the position of the sample at -3.2 cm was chosen as the location for a study for
growing films of different concentrations and measuring their resulting properties.
7.2.1

Low Concentration Study

7.2.1.1 Growth
The goal at this point in the study was to create films containing the smallest
particles that were possible, since that in turn would create the most boundaries per unit
volume, and measure the transport properties. Hence, the concentration of the original
precursor was reduced drastically, and then films were made at various very low
concentrations, in an effort to identify any trends seen with concentration. Four films were
deposited on quartz substrates by using this method and solute concentrations from
0.00312M to 0.000098M. This technique was used to create films containing many
nanograined particles.
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7.2.1.2 Transport Characterization
In this study, the transport properties of MPAS produced Ca3Co4O9 films grown by
plasma heating were measured as a function of the initial concentration of the precursor.
The resistivity, Seebeck coefficient, and finally the power factor of a set of films grown by

Figure 7.2.2 Room temperature resistivity of low concentration films as a function of
precursor concentration.
MPAS with varying concentrations of calcium and cobalt salts were determined using the
characterization tools available at LAMSAT. The resistivity of the films was measured
with a 4-point probe at room temperature and shown as a function of concentration as seen
in Figure 7.2.2.
The Seebeck coefficient was measured with the LAMSAT Seebeck setup at room
temperature and shown as function of concentration in Figure 7.2.3.
Using the results of the previous two measurements, the power factor of low
concentrations was calculated using S2 σ, .and plotted as a function of concentration in
Figure 7.2.4.
After this study using the very low concentration precursors, it became clear
from the trend that to make films with a high power factor, higher concentrations were
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Figure 7.2.3 Room temperature Seebeck coefficient of low concentration films as a
function of precursor concentration.
desired. Based on this, a second approach was to extend the investigation to include the
electrical properties of high concentration films, and a larger range of films were made.

Figure 7.2.4 Room temperature Power Factor of low concentration films as a function of
precursor concentration.
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7.2.2

High Concentration Range Study

7.2.2.1 Growth
Films were deposited on quartz substrates by using this method and solute
concentrations over a very large concentration range from 0.1M to 0.0008M. This
technique was used to create films containing many nanograined particles. The nominal
target thickness of the films was 0.8 microns. The reason for this choice in thickness was
that it was observed that beyond 1 micron the thickness non-uniformity increased, making
it difficult to characterize and consistently compare the films. The concentrations used
varied in increments starting with 100% mixed precursor concentration, and were reduced
by 50% for each successive decrease in concentration. Hereafter, the concentrations are
referred to as 100%, 50%, 25%, etc. respectively, representing the reduction from full
concentration of the original precursor, of molarity from 0.1M to 0.0008 M.
7.2.2.2 Structural Characterization
Top surface Scanning Electron Microscope (SEM) images of films grown by
MPAS show the surface ranges on a large scale from mostly flattened platelet surfaces with
some more localized island growth to successive, textured irregular surfaces as seen in
Figure 7.2.5. The lower concentration films as seen in Figure 7.2.5 (a) grew in the a-b
plane in more distinct, smooth, locally flat levels, creating plateau type of structures, and
showing more large pores or non contiguous areas than those for higher concentration. The
higher concentration films as seen in Figure 7.2.5 (b) show a contiguous surface with large
contoured bumps on the order of half a micron throughout. Note that the SEM’s represent
surface pictures, and smaller crystals may form at different sizes in and under the surface,
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and it is these imbedded smaller crystals which are of more interest, and have the most
impact on TE performance.

Figure 7.2.5 Surface SEM images of a lower concentration film (a), and a higher
concentration (b), grown by MPAS.
Transmissive Electron Microscope (TEM) images give more information about the
nanoparticles which form in the composite films as seen in Figure 7.2.6, showing particles
smaller than 50 nm. Figure 7.2.6 (a) is from a lower concentration deposition, and Figure
7.2.6 (b) is from a higher concentration deposition. High-resolution TEM (HRTEM)
images give more quantitative data about the nanocrystalline grains which form inside the
particle boundaries. Figure 7.2.6 (c) is from a lower concentration deposition, and many
nanocrystals on the order of 5 nm in diameter can be seen. Figure 7.2.6 (d) is from a higher
concentration deposition, where nanocrystals are clearly much larger than on the left, the
average size greater than 10 nm in diameter, an increase by a factor of 8 in the
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Figure 7.2.6 TEM images of lower concentration films (a), and higher concentrations (b),
show the nanoparticle boundaries are less than 50 nm. High-Resolution TEM (HRTEM)
images show more clearly that nanocrystalline grains for the low concentration films(c), are
on the order of 5 nm, and larger grains greater than 10 nm for a higher concentration (d).
[27]
nanocrystal volume. The TEM images clearly support the creation of smaller nanocrystals,
and many more boundaries per unit volume in lower concentration films, and larger
particles with less boundaries per unit volume in higher concentration films. This trend of
nanocrystal size correlating with precursor concentration was also seen in a previous
MPAS study of ZnO nanoparticles. [90]
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Figure 7.2.7 XRD patterns of films varied by precursor concentration as prepared by the
MPAS deposition technique in this study. Legend numbers represent the concentration of
the precursors from 3% to 100%, respectively. Here 100% represents 0.1M precursor
concentration.
X-Ray Diffraction (XRD) scans also support the strong crystallinity of the films, as
seen in Figure 7.2.7. The XRD scans seen in Figures 7.2.8 a, b, and c represent the (002),
(003), and (004) planes of Ca3Co4O9 respectively. The scans shown were made from films
of the same nominal thickness, with varying molar concentrations, as previously described,
and shows that the strength of the peaks increase with increasing molar concentration.
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Figure 7.2.8 XRD patterns of films varied by precursor concentration as prepared by the
MPAS deposition technique in this study. XRD peaks seen in Figures (a), (b), and (c) are
centered around the (002), (003), and (004) planes of Ca3Co4O9 ,respectively.

[91]
Figure 7.2.9 XRD pattern of the high precursor concentration films compared to lower
concentration films at the (004) plane of Ca3Co4O9, shows that lower concentrations
broaden the peak. [91]
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Therefore, the crystallinity of the films increases with increasing precursor concentration.
concentration films(c), are on the order of 5 nm, and larger grains greater than 10 nm for
a higher concentration (d). [91]
The difference in the peak line width between different concentrations can be seen
in Figure 7.2.9. It can be seen in the figure that the film made from the smaller
concentrations have wider, flatter peaks, indicative of films containing smaller
nanoparticles than the higher concentration films. It should be emphasized that this is not
just a collection of nanoparticles, but nanoparticles that are imbedded within a larger
crystal structure matrix. If these films were not composites, but instead Additional
information from the films from electrical metrology techniques gives more important
information about the films, since they quantitatively relate to TE performance.
7.2.2.3 Transport Properties
Resistivity and Seebeck measurements were carried out using a commercially
made machine (ZEM-3, ULVAC, Inc., Methuen, MA.) The measurements were
performed by Dr. Giri Joshi and Dr. Bed Poudel of GMZ Energy, Inc., located in Boston,
MA. This machine measures the electrical conductivity by a 4 point current-switching
technique. In addition, the Seebeck coefficient was measured by a static dc method.
Seebeck is determined from the slope of voltage difference versus temperature difference
curve measured by two thermocouple probes. To avoid possible oxidation, the
measurement was carried out in helium atmosphere. The accuracy of electrical resistivity
and Seebeck coefficient measurements was 4% and 7%, respectively. Using the above
techniques the previously mentioned 6 samples were measured from room temperature to
700 K.
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Figure 7.2.10 Electrical resistivity of grown films. Colors and shapes refer to
concentration percent of precursor: star = 0.75%, red circle = 3%, orange square = 6%,
blue diamond = 25%, violet circle = 50%, and black triangle = 100%. [91]

The resistivity plots of the films can be seen in Figure 7.2.10. Overall, the room
temperature resistivity of the samples changed over 2 orders of magnitude. It can be seen
that the smallest concentration was not measured over the whole range, due to the sample
resistivity increasing with temperature beyond the instrument measurement range. The
resistivity decreases significantly with higher concentrations used, which correlates to
larger nanoparticles incorporated in the composite films.

The magnitude of the conductivity of our high concentration films is in the same
range as what others have seen with Spark Plasma Sintering (SPS) methods. The
explanation for the high conductivity seen in the high concentration films, similarly, is
due in part to the fusing together of the grain edges as a result of the growth process,
while still maintaining large individual grains. Others have seen a further large change in
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the conductivity when an aligned texture was induced in Ca3Co4O9. In that study, the
prepared crystals were prepared first by a solid state reaction followed by spark plasma
sintering, which produces crystals which are randomly oriented, but very anisotropic into
sheets of disk shape. When the produced disks of anisotropic crystals are aligned further
mechanically by firing them under pressure it is called a multisheet cofiring (MSC)
technique. The MSC technique used by Kwon, et. al., was shown to greatly increase the
degree of c-axis orientation, which was reflected in their very high conductivity values,
approaching that of single crystal values. [92,93] The best results seen here are slightly
less conductive, differing by approximately 30% compared to MSC samples.

The Seebeck coefficients of the films are shown in Figure 7.2.11. This Seebeck
showed only a small trend change with concentration. The Seebeck decreased with films
of increasing precursor concentration, which reflected the incorporation of larger

Figure 7.2.11 Seebeck coefficient of grown films. Colors and shapes refer to
concentration percent of precursor: star = 0.75%, red circle = 3%, orange square = 6%,
blue diamond = 25%, violet circle = 50%, and black triangle = 100%. [91]
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particles, and therefore contained less boundaries than films made from lower
concentration. The trend showed relatively small changes, with the exception of the most
resistive films, which showed large increases in the Seebeck coefficient.
When observing the effect of the precursor concentration on the graphs of the
Seebeck coefficient and the resistivity, it raised a question. Why does the resistivity
show such large changes, but not the Seebeck coefficient? The much larger changes in
the conductivity as compared with the Seebeck can be explained by large mobility
changes due to scattering events created by the boundaries. The boundaries are
detrimental to conduction, since they scatter charge carriers, and essentially lower the
mobility and thus the available carriers. At lower temperatures, the small change in the
Seebeck coefficient reflects no effective change in carrier concentration (n) as a function
of precursor concentration (as in eqn. 7.1) for the different samples. The Seeback
coefficient varies inversely with n according to this equation.

ce π 2κ B2T
S= +
n
3q

 ∂ ln µ (ε )
 ∂ε 
ε =ε F

(7.1)

Therefore, the orders of magnitude changes in conductivity for the samples as seen in
Figure 7.2.12, is due to a change in mobility, rather than a large change in n. This change
in mobility is due to scattering events at the boundaries which are detrimental to
conduction. These scattering events are more pronounced at the lower precursor
concentrations with their corresponding higher interfaces per unit volume.
At higher temperatures the samples show significant changes in both conductivity
and Seebeck coefficient. Initially, changes in the samples of differing concentration all
happen at the similar rates as the temperature increased. At higher temperatures,
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however, the conductivity encounters a significant rate of change. Others have explained
temperature changes in the conductivity of the thermoelectric Ca3Co4O9 due to changes
in the nature of charge transport in three separate regions, representing metal-type
dominated, 3D-variable range hopping (VRH), and nearest-neighbor hopping,
respectively.[94] Here, the onset of 3D-VRH is seen after 400K, following the metal
semiconductor transition (MST) previously seen by others ~380 K [95]. In that case, the
conductivity of doped samples was seen to increase as a function of temperature, in
contrast to the decrease observed in the undoped nanocomposite samples discussed here,
seen in Figure 7.2.12. It appears that this type of hopping conduction is detrimentally
affected by boundaries. When considering the impact of the boundaries caused by
particles, one has to consider both the distance between them and their size, which affect
the number of scattering events and the heights of the modeled energy barriers. [96] As
seen from the TEM images, greater number of boundaries in the lower concentrations
explains the large conductivity changes due to temperature seen in those samples first.
Reduction of conductivity by incorporating nanoparticles was seen in the investigation of
PbTe nanodot superlattices, where the reduction was also attributed to boundaries. [97]
From room temperature to intermediate temperatures, just beyond the MS
temperature transition, the ρ–T curve can be fit with Mott’s three-dimensional variable
range hopping (3D-VRH) model [33]. The model fits the equation:

ρ = ρ0 exp[T0/T] 1/4

(7.2)

where ρ0 is a constant, T0 ∼ 1/[kB N(εF )lv3] means the VRH characteristic temperature
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associated with the density of localized states at Fermi energy N(εF ), and lv is the
localization length. Taking the natural log of both sides of Equation 7.2., and graphing ln
ρ vs 1/T0.25 yields a graph of linear slope T0 as seen in Figure 7.2.13 .

Figure 7.2.12 Electrical conductivity of grown films. Colors and shapes refer to
concentration percent of precursor: light blue square = 0.75%, light blue square = 3%,
orange circle = 6%, blue diamond = 25%, violet circle = 50%, and black triangle = 100%.
From room temperature to higher temperatures undoped Ca3Co4O9 shows a linear
relationship between ln(σT) and 1/T , indicating the thermally activated near neighbor
hopping conduction behavior, in which the conductivity σ is expressed by Equation 7.3:

σ = σ0 /T *exp− [Ea /kB T]

(7.3)

where σ0 is a constant, and Ea is the activation energy. The temperature of deviation of
each sample from the linear trend increases with reduced grain size, and the smallest
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Figure 7.2.13 Natural log of ρ vs 1/T0.25 of grown films. Colors and shapes refer to
concentration percent of precursor: red circle = 3%, orange square = 6%, blue diamond =
25%, violet circle = 50%, and black triangle = 100%.
grains show the deviation at much lower temperatures as seen in Figure 7.2.14. The
lowest concentration included in previous graphs was not included here because of its
much smaller magnitude. The upward trend for the Seebeck coefficient previously noted
remains the same as a function of the temperature, but increases in slope going to higher
temperature zones for the lower concentration films. In a study of silicon nanowires,
smaller sizes were also seen to increase Seebeck, and follow a nearly linear upward trend
with decreasing size until becoming non-linear at the very smallest scales. [98] The
enhancement of the Seebeck of the nanowires was explained as a narrowing of the
density of states at the smaller scales. The Seebeck has also been shown in several
materials to be related to the effective mass. [17,99-101]. Specifically, in Ca3Co4O9,
increases in the effective mass with increasing temperature can be explained by related
lattice changes at critical points, which in turn affect the electronic correlation. [27,102]
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Figure 7.2.14 Natural log σT vs 1000/T of grown films. Lines are drawn to guide the
eye. Colors and shapes refer to concentration percent of precursor: red circle = 3%,
orange square = 6%, blue diamond = 25%, violet circle = 50%, and black triangle =
100%.
With increased effective mass the carrier concentration is decreased, and thus the
Seebeck is increased. For that study, the second term in equation 4 had an additional
strong influence on the doped samples, further enhancing the Seebeck, and producing the
best samples. In the case of this study, where all samples were undoped, an additional
possible explanation of the strong increase in Seebeck comes from increased barrier
height after the lattice changes leading to enhanced scattering of low energy electrons,
increasing the thermal energy carried per charge carrier.

Combining the results of the resistance measurements with the Seebeck results as
from equation 2, gives the power factor as shown in Figure 7.2.15. The power factor
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followed the same trend as the resistivity, in that the most conductive films resulted in the
highest power factors. The value of the room temperature power factors seen here for the
highest concentration films (220 µW/mK2), meet or exceed those prepared by using other
one-step processes.

Figure 7.2.15 Power Factor of grown films. Colors and shapes refer to concentration
percent of precursor: star = 0.75%, red circle = 3%, orange square = 6%, blue diamond =
25%, violet circle = 50%, and black triangle = 100%. [91]
7.2.3. Conclusions
The growth and characterization of nanocomposite Ca3Co4O9 thin films using a
microwave plasma assisted spray deposition technique has been demonstrated for the first
time. As a result of the studies conducted with and without a substrate heater, it was
found that results were best using the plasma to heat the substrate. The process showed
that the incorporation of a microwave improved results in both morphology and
especially electronic properties than those grown previously by a laser spray pyrolysis
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technique. The films containing larger crystals had the most desirable properties with
regard to large power factor. Since these films correspond to lower Seebeck coefficients,
but much higher conductivities, this suggests for this material the conductivity is the most
critical factor in maximizing the power factor. The results of this study cannot support the
theoretical prediction of an optimum size of particles for high power factor, which
suggests that the optimum is not just creating the smallest crystal with the greatest
number of boundaries, due to the smaller size causing a large degradation on the
conductivity. If more data were available at the higher temperatures for the higher
concentrations, and/or higher concentrations were used, it is possible that some data
would support the optimum size theory. However, for the concentrations and
temperature ranges from this study, it can only be said that the higher concentration of the
precursor resulted in a larger power factor.
This deposition method while executed as a one-step process, has a similar
outcome as spark plasma sintering, which combines nanoparticulates together without
completely melting all of them, thus keeping the phonon scattering benefits while
improving the electrical conduction. The composite films grown by this process are made
up of particles containing multiple nano grains. The resulting structure consequently had
a substantial effect on both the conductivity and the power factor.
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CHAPTER 8
GROWTH OF ZNO NANOPARTICLES USING MPAS
Note to Reader
Portions of these results have been previously published (Wangensteen et. al.,
2011) and are utilized with permission of the publisher.
8.1 Introduction
The previous parts of this dissertation showed the result of efforts trying to create
a complete crystallization in flight starting from a liquid.

In previous chapters the

difficulty in creating the conditions for such a crystallization process was already
discussed, and the modifications to the original growth concept using pyrolysis were
made to achieve crystallization. Simpler chemistries and structures have a better chance
to demonstrate the desired crystallization in flight than those discussed earlier. ZnO is
material that can be created from simple chemistries and at a lower temperature, and thus
became a related subject of interest in this overall growth of material in dynamic high
temperature environments.
ZnO is a widely studied material because of its multifunctionality, leading to
applications in optoelectronic devices [107], piezoelectricity [108], gas sensing [109],
photocatalysis [110], solar cells [111], etc. The direct wide band gap of ZnO (Eg ~3.3 eV
at 300 K) with a large exciton binding energy (EB ~60 meV at 300 K) makes it an
excellent material for optoelectronic applications [112]. It has been shown that the optical
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and electrical properties of ZnO can be tuned by varying growth conditions, introducing
dopants, and/or reducing the grain dimensions [113]. These properties can be further
manipulated by forming thin films and nanostructures [112-118]. Well separated
nanorods of ZnO have been grown and tested for gas sensing due to the increased surface
to volume ratio [109]. Nanoparticle coating of ZnO has found applications in
electroluminescence [119]. Interestingly, room-temperature ferromagnetism (RTFM) has
been reported on undoped and doped ZnO thin films and nanoparticles [120-124]. These
investigations have revealed some potential for their use in spintronic devices. From a
materials engineering perspective, control over the size distribution of ZnO nanoparticles
is important.
Until now, synthesis of ZnO nanoparticles has been accomplished by thermal
decomposition [125], coprecipitation [126], autocombustion [127], and sol-gel techniques
[114-117,128-133]. In most of these techniques, however, the synthesized nanoparticles
are often not spherical and have a large size distribution. An additional high-temperature
processing step is also required in order to obtain crystallinity, which may lead to
significant side-effects such as the formation of multiple phases [129]. Therefore,
development of a new technique for the synthesis of spherical ZnO nanoparticles with a
narrow size distribution is of great interest.
Because of the difficulty previously described in forming the tertiary compound
Ca3Co4O9, the simpler ZnO compound could more easily demonstrate nanoparticle
growth. The growth of this material could be easily demonstrated because of both a
simpler chemistry, and a shorter list of necessary reaction steps that take place at a lower
temperature.
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In this section, the novel microwave plasma assisted spray (MPAS) technique is
applied to the growth of uniform ZnO nanoparticles. This technique has several
advantages over conventional methods, including short reaction time, formed spherical
particles, narrow size distribution, and high purity. The magnetic and photoluminescence
(PL) properties of 400 nm and 200 nm ZnO nanoparticles was studied.
8.2.

Deposition Conditions and Chemical Considerations

8.2.1 Reaction steps
Zinc acetate was chosen as a precursor for ZnO growth due to the low
temperature reactions involved in its formation.

The precursor salt was chosen as

Zn(CH3COO)2.2H2O due to its availability, low cost, and use in recent publications.
The formation of the oxide takes four critical steps:
1. Evaporation of the solvent.
2. Dehydration of the salt.
3. Decomposition of the acetate creating excess oxygen, carbon dioxide, and
water.
4. Formation of the desired zinc oxide.
Steps 2 and 3 can be depicted by the following reactions: [134]
Zn(CH3COO)2.2H2O  Zn(CH3COO)2 + 2H2O

(8.1)

Zn(CH3COO)2 + 4O2  ZnO+3H2O + 4CO2

(8.2)

110

The critical temperatures of each of the reactions were determined by Yang, et. al. using a
Differential Scanning Calorimetry (DSC) measurement.

After 250oC, reaction (8.2)

shown above has taken place removing the acetate from the salt. Near 350oC, where
energy can be seen energy going into the system, with no weight loss, the crystallization
point of ZnO takes place.
8.2.2

Temperature Aspects
One of the important parameters to create nanoparticle growth in microwave

Figure 8.2.1. DSC measurements vs. Temp of zinc acetate as determined by Yang.[134]
Reproduced by Permission of the Electrochemical Society.
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plasma is the temperature of the plasma. The spectroscopic method used to compute
temperature and results was described in Chapter 6. Plasma temperatures of close to
2000oC were measured by spectroscopic methods. Figure 8.2.2(a) shows spectral lines of
Argon plasma, while water vapor was flowing to the chamber kept at a pressure of 20
Torr. Oxygen temperature would be even higher, since it has a smaller mass than the
Argon, and additionally when combined with collisions from H2O gas, the overall heat
transfer would be greater than the Argon.
The temperature of the plasma past the microwave waveguide, in the direction of
the moving gas was measured with a K-type thermocouple. The thermocouple
measurements were made at the operational temperature and pressure of ZnO growth and
can be seen as solid circles in Figure 8.2.2 (b). These direct temperature measurements
could be done only to within 4 cm from the center of the waveguide without damaging
the thermocouple. The temperature of the plasma at the center of the waveguide
(calculated from the spectral lines) would fall on the trend line of the thermocouple
temperature data if extrapolated. The temperature data confirmed that the necessary
temperatures to complete the reaction were reached, and the cooling profile showed that a
fairly high temperature was maintained for some time after passing through the
waveguide. Additionally, the fact that large peaks of monotomic oxygen were observed
demonstrates that the plasma creates an environment which promotes an oxidation
reaction since the monoatomic oxygen is very reactive. This combination of a high
average temperature and a simple reaction sequence gives the nebulized droplets
adequate energy to fully crystallize before reaching the substrate.
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Fig. 8.2.2. (a) Spectral lines for Argon plasma at 20 Torr. Since it was not reasonable to
resolve the sets of three oxygen lines around 777 nm and 844 nm marked by * in the
graph, only Ar-lines were used for temperature calculation. (b) Thermocouple
measurements made at the operational temperature and pressure of ZnO growth. The
location of the waveguide is marked by the vertical lines on the graph. The zero position
is the center of the waveguide. [135]

8.3 Growth
As a first step, molar solutions were prepared by dissolving a stoichiometric
amount of zinc acetate dihydrate: Zn(CH3COO)2.2H2O in deionized (DI) water. The
precursor solution obtained was heated to 60o C and stirred for two hours using a
magnetic stirrer for uniform dissolution. This solution was used as the precursor in the
MPAS process. High temperature plasma of argon or oxygen gas and water vapor was
formed within the tube by tuning the waveguides. The chamber was kept at a constant
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pressure of 20 Torr, as measured at the top of the chamber, in order to maintain a
constant rate of spray.

With the top of the chamber measured at 20 Torr, this

corresponded to a measured nebulizer pressure of 80 Torr, and an estimated central
waveguide pressure of 60 Torr, due its location in the middle of the two chamber
measurements. Further heating of the particles in their transit through the plasma led to
the completion of the oxidation reaction of Zn to form the compound zinc oxide.
Particles were deposited onto a substrate as they exit the quartz tube into the chamber.
One of the main advantages of using this process to make zinc oxide is the completion of
the particle formation and chemical reactions in the gas phase, and thus does not rely on
the substrate temperature. The airborne particles completed all reactions during transit
and were then deposited on silicon substrates. The substrate, placed at 10 cm away from
the center of the waveguide, was heated (T = 650 oC) by the plasma heat to enhance the
adhesion of the nanoparticles onto the substrate.
8.4 Structural Characterization
The structure, morphology and crystallinity of the nanoparticle samples have been
studied by x-ray diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM).

Figure 8.3.1 shows the SEM and TEM

photographs of the nanoparticles at two different concentrations of precursor solution
(0.25M and 0.03125M, respectively). It can be observed that the nanoparticles are
spherical and well separated, with a narrow size distribution for both concentrations. The
average diameter of each particle varies from 200 nm for 0.03125M to 400 nm for
0.25M. Within each individual nanoparticle exists a number of small crystallities. High
resolution TEM (HRTEM) images shown in Figure 8.3.1(c) and Figure 8.3.1(d) reveal
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Figure 8.4.1. SEM images of (a) 400 nm and (b) 200 nm ZnO nanoparticles at 30kX
magnification. TEM images of (c) 400 nm and (d) 200 nm ZnO nanoparticles. [135]

the presence of larger crystallites (average size rom 200 nm for 0.03125M to 400 nm for
0.25M. Within each individual nanoparticle exists a number of small crystallities. High
resolution TEM (HRTEM) images shown in Figure 8.3.1(c) and Figure 8.3.1(d) reveal
the presence of larger crystallites (average size around 12 nm) in each 400 nm particle, as
compared to those of each 200 nm particle (average size around 6 nm). The crystallinity
of the 200 nm nanoparticles is better than that of the 400 nm nanoparticles. It is an
important point that the crystallite size scales with the particle size, which can be tuned
by varying the concentration of the precursor solution used.
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Figure 8.4.2. XRD patterns of (a) bulk ZnO, (b) 400 nm and (c) 200 nm ZnO
nanoparticles grown on Si (100) substrate. (*) is the peak due to the silicon substrate.
Miller Indices for these peaks are (100):33 , (002) : 36, (101):37, (102):48. [135]
Figure 8.3.2 shows the XRD patterns of bulk ZnO (obtained from Alfa Aesar with 99.99
% purity), and the 400 nm and 200 nm nanoparticle samples. It can be seen that like in
the case of bulk ZnO, the ZnO nanoparticles possess a characteristic hexagonal lattice
with space group P63mc(186). No impurity peaks were observed even in the logarithmic
scale. In addition, no amorphous peak was detected in the XRD scan.
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8.5 Magnetic Properties
The magnetic properties of the ZnO nanoparticle samples have been studied using
a commercial Physical Property Measurement System (PPMS) from Quantum Design
with a temperature range of 5 – 300 K and applied fields up to 7 T. The M-H data were
recorded at 10 K, 150 K, and 300 K for the 400 nm and 200 nm nanoparticles. The M-H
data of bulk ZnO are also included for comparison. Interestingly, we find that the 400 nm
nanoparticles are ferromagnetic at 300 K, while the bulk and 200 nm nanoparticles are
diamagnetic even down to 10 K. Figure 8.4.1a shows the M-H loops taken at 10 K for
these three samples. The values of coercive field (Hc) and the remanent to saturation
magnetization ratio (Mr/Ms) extracted from the M-H loops of the 400 nm nanoparticles
are plotted against temperature (T), as shown in Figure 8.4.1b.
It can be observed that the Hc and Mr/Ms significantly decrease with increasing
temperature. The Hc decreases from ~50 Oe at 10 K to ~20 Oe at 300 K. This trend
suggests the intrinsic ferromagnetism of the 400 nm ZnO nanoparticles. The saturation
magnetization of the 400 nm ZnO nanoparticles at 300 K is MS ~ 0.0074 emu/g, which is
comparable to that of the 9 nm ZnO nanoparticles reported by Inamdar et al. (MS ~ 0.008
emu/g) [125].
To this end, there is an emerging question: Why is the room-temperature
ferromagnetism observed in the 400 nm nanoparticles but not in the 200 nm
nanoparticles? We recall that the RTFM has been observed in undoped and doped ZnO
nanoparticles [120,121,123,125,126]. Sundaresan et al. [129] argued that the origin of
RTFM in undoped ZnO nanoparticles could be the exchange interactions between
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localized electron spin moments resulting from oxygen vacancies at the surfaces of the
nanoparticles. Garcia et al. [122] showed the possibility of inducing RTFM in ZnO

Figure 8.5.1. (a) M-H curves of bulk, 400 nm and 200 ZnO nanoparticles; (b)
Temperature dependence of coercivity (Hc) and the remanent to saturation magnetization
ratio (Mr/Ms) extracted from the M-H curves for the 400 nm ZnO nanoparticles. [30]
nanoparticles without doping with magnetic transition metal ions (Co or Mn) but simply
alternating the surface electronic configuration of the nanoparticles by capping them with
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organic molecules. Magnetization and Raman spectra studies on ZnO nanoparticles
annealed in air at different temperatures ranging from 450oC to 800oC revealed that the
RTFM decreased as the annealing temperature increased [126]. These results pointed to
the importance of oxygen vacancies in inducing the RTFM in the undoped ZnO
nanoparticles. However, Zhang and Xie have recently argued that for ZnO nanoparticles
annealed in air at high temperatures (600oC, 800oC, and 1000oC) the RTFM is attributed
to the oxygen vacancy related defects, but for ZnO nanoparticles annealed in air at lower
temperatures (e.g. 400oC) the RTFM arises mainly from the interstitial Zn defects [123].
Recent theoretical calculations have also suggested that both oxygen and zinc vacancies
can induce RTFM into ZnO [134]. In fact both Zn interstitials and oxygen vacancies
donate two electrons, leading to the difficulty in distinguishing one from the other using
electrical measurements [136].

8.6

Photoluminescence Spectra
In order to address this issue in the present case, the photoluminescence (PL)

spectra of both the 400 nm and 200 nm ZnO nanoparticles was studied. PL has proved
useful for investigating the defects that are present in ZnO [114-117,123,125,136,137].
In the present study, a HeCd laser (325nm) was used as an excitation source and carriers
were excited to emit PL spectra. Figure 8.5.1 shows the PL spectra of the 400 nm and 200
nm ZnO nanoparticles. As one can see clearly in this figure, for both samples the
ultraviolet (UV) emission is observed at 387 nm, which corresponds to a band gap of
3.203 eV. A broad green emission with a major peak at around 542 nm is observed for
the 400 nm nanoparticles, but this feature is largely suppressed in the 200 nm
nanoparticles. The peaks at 663 nm, which are particle size independent, are due to the
119

HeCd gas discharge plasma. It has been suggested that the green emission (around 542
nm) results from the recombination of electrons with holes trapped in singly ionized
oxygen vacancies [123,125,137,138]. The intensity of the green emission can be used to
quantitatively evaluate the oxygen vacancy concentration in ZnO. It has been shown that
the increase of the oxygen vacancy concentration leads to the increase of the intensity of
the green emission [123,137]. This clearly suggests, in our case, that more oxygen
vacancies are present in the 400 nm ZnO nanoparticles than in the 200 nm ZnO
nanoparticles. This can be reconciled with the fact that the crystallinity of the 200 nm

Figure 8.6.1. Room temperature PL spectra of the 400 nm and 200 nm ZnO
nanoparticles. Defect related green emission is observed for the 400 nm ZnO
nanoparticles, but the defect state is greatly reduced for the 200nm nanoparticles. [135]
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nanoparticles is better than that of the 400 nm nanoparticles, as confirmed by HRTEM
Figure 8.3.1(c,d), and XRD.
The question may be raised why would the smaller particles have better
crystallinity than the larger ones. The answer becomes clear when one considers that the
environment that both were subjected to was exactly the same, the only difference being
the amount of the material subjected to the plasma energy and gas.

For the two

concentrations that were considered here, the multiple of two in radius corresponds to a
factor of 8 difference in volume. This nearly an order of magnitude difference smaller
material in the same reaction environment accounts for the ability of oxygen to diffuse
more easily into the smaller particle.

As for the observation of the defects in the

nanoparticle sizes studied here, there is nothing magic about the effects at these sizes.
Because this process represents a very fast quenched type of reaction, the observation we
see shows a less complete, versus a more complete reaction including oxygen diffusion.
If the plasma energy were simply changed significantly, one would expect to see this
effect we observed for different sizes than shown here. For example, a higher plasma
energy may complete the oxygen defects we saw in the larger particles, and reduce the
PL defect signature. In connection with the M-H data, it is logical to infer that the
oxygen vacancy related defects are sufficient to induce the ferromagnetism in the 400 nm
nanoparticles but not in the 200 nm nanoparticles. This result is consistent with the
previous observation [137] that annealing ZnO nanoparticles in oxygen atmosphere
reduced the number of oxygen vacancies, leading to a suppression of the PL peak related
to the green emission and hence the ferromagnetism in the material.
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8.7 Conclusions
The microwave plasma assisted spray technique was applied to a simple
chemistry that allowed growth of spherical ZnO nanoparticles with a narrow size
distribution in a single step. The size of the resulting nanoparticles was dependent on the
concentration of the precursor used. Each nanoparticle consisted of multiple
nanocrystallites, and the size of the crystallites within each particle scaled with the
particle size. The oxygen vacancy related defects that were observed in ZnO
nanoparticles (400 nm) with large crystallites (12 nm), become much less pronounced in
ZnO nanoparticles (200 nm) with small crystallites (6 nm). The room-temperature
ferromagnetism observed in the larger ZnO nanoparticles (400 nm) arises mainly from
the oxygen vacancy related defects, which correlated with defects also seen in PL spectra.
A more complete study to determine the onset of ferromagnetism as a function of the size
(defect incorporation) would be very interesting future work. The ZnO nanoparticles
grown by this technique are also desirable for gas sensing or a host material of a solar cell
sensitizer as the surface to volume ratio is the highest for spherical particles.
The successful growth of the binary ZnO showed that the MPAS process was successful
in producing spherical polycrystalline nanoparticles with discrete boundaries.

122

CHAPTER 9
CONCLUSIONS AND OUTLOOK
The present dissertation has important contributions toward the fabrication of
scalable nanoparticles and nanoparticulate films, especially those that have common
elements such oxygen, nitrogen, or sulfur as a key component in their makeup.
The main results of the dissertation are as follows:
•

Having studied the growth process of the nanoparticles of the type studied here
using a spray technique combined with a CO2 laser, it is understood that to create
such particles, a complete reaction is unlikely, due to low power and that the
interaction time is so short.

•

When combining the laser spray technique with annealing, desired crystallization
was seen, but the resulting films had a large amount of agglomeration during
crystallization, which defeated the ability to grow nanoparticles and
nanoparticulate films that were the goal of this study.

•

The laser technique combined with annealing showed that by varying the
concentration in the spray process resulted in films which showed desired changes
in electrical conductivity, showing the potential of varying particle size and gave
the impetus to develop a similar technique, but one which incorporated higher
power to aid in chemical reactions and the crystallization process.
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•

To address discrepancies from the laser technique, a microwave system was built
at LAMSAT, and the previous laser attempted spray technique was then
alternatively incorporated with a microwave. The microwave allowed the process
to run at varied and much higher powers, along with the benefit of a longer
interaction time due to the geometry.

•

Initial results when directly transferring the prior attempted technique to the
microwave showed that more detailed characterization of the microwave growth
system was required.

•

The environment of the microwave spray system was characterized by
thermocouple measurements to the limit of their range, and then where direct
measurements could not be taken, spectroscopic atomic lines from flow gas were
used to calculate the temperature that droplets were exposed to.

•

Using the temperature from spectroscopic calculations, the shrinking of the
droplets were further modeled by a one-dimensional diffusion model to determine
exposure temperatures from deposition conditions. It was shown that the model
predicted that the temperature from the laser process was not enough to evaporate
the solute of the droplet. Additionally, it was shown that the microwave had
enough power to both evaporate the droplet and reach the reaction temperatures of
the precursors.

•

The empirical result of the microwave spray process showed that nanoparticles
still did not always form in flight, as desired. The spray process was combined
with a heater to successfully grow films which showed desired differences in
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electrical properties due to different sized particles that were incorporated. Still
however, the films were highly agglomerated, and the use of the heater was
shown to be undesirable.
•

A simple chemistry was shown to be successful to producing nanoparticles in
flight, as originally planned as a process. Using the binary chemistry of Zinc
Acetate in a water solute, ZnO nanoparticles with crystalline grains were grown in
flight, and their size was controlled by the starting concentration. Additionally,
material property differences were measured as the result of the completeness of
the reaction, and spectroscopic and magnetic properties were shown to be
correlated.

•

Using the microwave spray process combined with a substrate heated by the
cooling tail of the plasma, nanoparticulate films of the thermoelectric cobaltate
Ca3Co4O9 were grown for a large range in concentration.

•

The films grown using the plasma heated substrate were measured by an outside
well- respected source, and were shown to follow a trend with concentration, and
to be of high quality, approaching the best of contemporary research for this
material.

•

This study demonstrated a simple, fast, one-step growth to make nanoparticles for
simple chemistries simply by spraying precursor droplets into a microwave
plasma, and a successful modified technique using a plasma heated substrate for
more complicated chemistries.

125

•

Since the developed process incorporated a spray, it was shown that the technique
could be used to grow functional patterned films that were directed to the point of
interest.

FUTURE OUTLOOK
•

The developed processes and techniques could be used to make nanoparticles and
nanoparticulate films of many types, especially of materials containing common
elements such oxygen, nitrogen, or sulfur as a key component in their makeup.

•

The process has the potential to be expanded to include doped particles, by
incorporating appropriate dopants into the starting chemistries, which could
control the resulting properties of the material such as magnetic, electronic, etc.

•

The incorporation of dopants into the thermoelectric cobaltates as from this study
should result in reaching even higher power factors.

•

The films developed from this process could be combined with other materials to
make devices, such as localized thermoelectric power sources, or refrigerators.
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Appendix A: Nebulizer Droplet Size Considerations

Using the below equation, the diameter of the particle was calculated for several solutes,
using a frequency of 2.4 MHz – the frequency of our nebulizer crystal.
The motion produces particles that have a peak in the distribution of the droplet diameter
size according to the following equation [41],[42]:
d = 0.73 ((T/D)*f2)1/3
where D is density of the solute, f = frequency, and T = surface tension of the solute.
Table A1. Surface Tension, Solvent Density, and Diameter of Nebulized droplets.

Water
Methanol
Ethanol
Propanol
Toulene
Acetone

Figure A1.

Surface
Tension [N/m]
0.0729
0.022
0.023
0.025
0.029
0.023

3

Density[kg/m ]
1000
792
789
804
788.7
785

Water
Methanol
Ethanol
Propanol
Toulene
Acetone

Diameter
[m]
1.7E-06
1.23E-06
1.25E-06
1.28E-06
1.35E-06
1.26E-06

Surface tension of common laboratory solutes.
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The smallest surface tension and similarly smallest diameter is with using methanol as
seen in Figure A2. The smallest diameter would give the most compact particles, and
would have potential to evaporate quickest due to having the smallest volume. However,
a preferred solute for deposition would be one with also the ability to dissolve the
compounds of interest, and not be detrimental to either the deposition process or the
equipment being used.

Figure A2.

Calculated diameter of nebulized droplets.
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Appendix B – Diffusion Sample Computer Program
(* heat calc to calc to Center of Sphere, compared to TC measurements* Answer is in
seconds, units of Temp [C], k units [m2/s], radius a units [m])
Sample program output below. Input of constants, equation, and output of constants, and
graph of temperature at the center vs. time.
k= 0.9*10^-7
t1 = 30
t2 = 150
a = 3*10^-2
Plot[t1 + (t2-t1*2*Sum[(-1)^(i+1)Exp[-(i^2)*Pi^2*k*time/(a^2)],{i,1,100}],
{time,1*10^-1,5*10^3}]
9.×10-8
30
150
3/100

Figure B1. Diffusion time calculation from 150 oC to 30 oC.
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149.99999998119495`
N[%,30]
150.
149.99999998119495`
(*Eqn Ref -Heat Diffusion Solid Sphere - Unsworth, Duarte paper Am.J. Phys.1979*)
(* Same Model as Heated Sphere applied to smaller Spray Droplets as from a nebulizer*
This estimates the time to "Boil Off" the H20* USING A LASER - 5 WATT CO2)
k=1.5*10^-7
t1 = 25
t2 = 300
a = 1.5*10^-6
Plot[t1 +(t2-t1)*2*Sum[(-1)^(i+1)Exp[-(i^2) * Pi^2*k*time/(a^2)], {i,1,100}],
{time,1*10^-5,1*10^-3},PlotLabel→Time vs Temp]
2.2×10-9
600
300
1.5×10-6

Figure B2. Diffusion time calculation from room temp to 300 oC.
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Appendix C – ZEM-3 Measurement Accuracy

Figure C1. Constantan Resistivity Measurements versus Temperature measured by
several groups and compared to the ZEM-3 measurement tool.
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Figure C2. Constantan Seeback Absolute Values versus Temperature measured by
several groups and compared to the ZEM-3 measurement tool.
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